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(57) ABSTRACT

It 1s an object of the present ivention to provide a crystal
silicon element emitting a desired visible light at high effi-
ciency, by markedly enhancing the crystallinity of the nano
S1. A p-type single crystal silicon substrate 10, a thick silicon
oxide film 17a and a thin silicon oxide film 175 are disposed
on the one surface of the silicon substrate 10. On the thin
silicon oxide film 175, plural nano S1 15 having the same
crystal axis as the silicon substrate 10 are formed. In addition,
a thin silicon oxide film 16 that 1s disposed 1n a manner that
the thin silicon film 16 covers the upper and side faces of the
nano S1 15, and a transparent electrode (for example ITO) 19
that 1s disposed 1n a manner that the transparent electrode 19
covers at least the upper face of the nano S1 15 are formed.

Further, a metal electrode 18 (for example, aluminum) 1s
formed 1n a manner that the metal electrode 18 has an ochmic

contact with the other surtace of the silicon substrate 10.
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FIG.9-1A
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CRYSTAL SILICON ELEMENT AND
METHOD FOR FABRICATING SAME

TECHNICAL FIELD OF THE INVENTION

[0001] The present invention relates to a crystal silicon
clement and a method for fabricating the same, and more
specifically, a crystal silicon element such as a light-emitting
clement configured by a nano crystal silicon element and the
fabrication method thereof.

BACKGROUND ART

[0002] Similarly to a current-controlled element that
shifted from a vacuum tube to a solid-state semiconductor
clement, a lighting element has shifted rapidly in recent yvears
from a fluorescent lamp to a solid-state light-emitting element
such as a III-V group compound semiconductor. The solid-
state light-emitting element will undoubtedly make continu-
ous progress in the future.

[0003] However, a presently prevailing Ga-base compound
semiconductor requires an epitaxial growth with minimum
defects on an expensive sapphire substrate. In addition, a p-n
junction or a quantum well structure 1s required to be formed.
A complex multi-layered structure containing Al, P, In, N or
the like 1s required. These requirements make 1t difficult to
provide an mexpensive element.

[0004] In order to address the above problems, attempts
have been made to provide an mexpensive light-emitting
clement using silicon (S1) that 1s the most abundant material
on the earth. S1 has been considered to be unsuitable as a
visible light-emitting material because S1 1s an indirect band
gap semiconductor having a low light emission efficiency,
also because S1 has a band gap 1n the near-infrared region.

[0005] However, for example, in Non-Patent Document 1, a
porous S1 formed by anodic oxidation was reported to have a
capability of emitting visible light. Thereafter, nanometer-
size crystalline S1 (hereinafter, abbreviated as nano S1) has
come to draw attention as a potential candidate for a visible
light-emitting element.

[0006] The light emission from the nano S11s considered to
be due to the quantum confinement etfect (band gap expan-
s1on) that 1s induced by reducing nanometer-size Si crystals.
For the realization of a nano Si1 light-emitting element,
enhancing the light emission efliciency to a practical level 1s
essential. The biggest challenge 1s 1n the improvement of
crystallinity including the surface state. Further, in order to
obtain a desired luminescent color, wavelength control is
necessary, and also the crystal size of the nano S1 should be
regulated with high accuracy.

[0007] The porous S1obtained by using anodic oxidation as
mentioned above 1s formed by eroding a S1 surface mto a
porous state with a specific action of oxidation. For this rea-
son, although the crystal itself has a relatively good quality,
the surface area 1s quite large, and instability of the light-
emitting properties 1s pointed out. In addition, the shape and
morphology of the porous Si 1s hardly regulated, whereby the
wavelength control 1s hardly expected.

[0008] As a countermeasure against the problems men-
tioned above, several methods have been proposed so far. For
example, granular S1 crystals are formed on a substrate by 10n
injection, sputtering, CVD (Chemical Vapor Deposition) or
the like, and then the granular Si crystals are elaborately
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embedded 1n a stable material such as silicon oxide (810,)
(refer to Patent Document 1, Patent Document 2, and Patent

Document 3).
[0009] Non patent document 1: L. T. Canham, Applied

Physics Letters, 1990, Vol. 57, Page 1046

[0010] Patent document 1: Japanese Patent Application
Laid Open Publication No. 8-173577.

[0011] Patent document 2: Japanese Patent Application
Laid Open Publication No. 2004-296781.

[0012] Patent document 3: Japanese Patent Application
Laid Open Publication No. 8-307011.

DISCLOSURE OF THE INVENTION

Problems to be Solved by the Invention

[0013] However, the aforementioned conventional meth-
ods all had a disadvantage in the uniformity of crystals
because the objective product was formed by injecting or
depositing S1 or a S1 compound. Therefore, the light-emitting
clements based on the conventional methods had difficulty 1n
emitting visible light at high efficiency.

[0014] The present invention has been made to address the
alforementioned problems. It 1s an object of the present mnven-
tion to provide a crystal silicon element emitting a desired
visible light at high efficiency, by markedly enhancing the
crystallinity of the nano Si1, and a method for fabricating the
crystal silicon element.

Means for Solving the Problems

[0015] The presentinventors have made intensive studies to
meet the foregoing objective and found that increasing the
crystallinity of the nano S1 and controlling the crystal face
orientation are essential for enhancing the light emission
elficiency.

[0016] Namely, 1n the present invention, unlike the related
arts 1n which the crystal axes are randomly oriented, the
crystal axes of plural nano Si1 crystals formed on a substrate
are oriented 1n the same direction so as to make the crystal
face orientations uniform. In this way, the light emission
elficiency 1s enhanced remarkably.

[0017] The mechanism is not clear, but the light emission
elficiency became maximum when the face direction perpen-
dicular to the flow line direction of carriers flowing into the
nano S11s oriented to (100), followed by (110) and (111). The
dangling bond density on the Si1 surface 1s ranked as (100),
(110), and (111) 1n an ascending order, so that the presence of
non light-emitting recombination centers due to the dangling
bond density 1s considered to be one of the factors that deter-
mine the light emission efficiency. In order to attain a high
light emission etficiency, it 1s desirable that the crystal face of
the nano S1 be oriented 1n the same direction and more pret-
erably be regulated to (100).

[0018] Therelore, a first crystal silicon element of the
present invention has a silicon substrate, a nanometer-size
crystal silicon (nano S1) having the same crystal face oren-
tation as the silicon substrate, further preferably, a metal
clectrode, and a transparent electrode that forms a pair of
clectrodes together with the metal electrode so as to sandwich
the crystal silicon between the electrodes. In a configuration
where plural nanometer-size crystal silicons having the same
crystal face orientation and disposed on the same plane are
sandwiched between a pair of electrodes, that 1s, between the
transparent electrode and the metal electrode, carriers (elec-
trons or holes) injected from the electrodes to the crystal
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s1licon such as the nano Si recombine efficiently (enhancing
quantum efliciency) at a light-emission center, so that the
light emission efficiency may be remarkably enhanced. Fur-
ther, in the case where the nano Si (crystal silicon) in the
light-emitting layer 1s composed of the same material as the
s1licon substrate, the effect of strain caused by thermal expan-
s1on or the like may be desirably minimized, whereby stable
light emission 1s expected.

[0019] Here, preferably, the metal electrode may have an
ohmic contact with the other surface of the silicon substrate,
and the transparent electrode may be disposed on the crystal
silicon.

[0020] Further, the transparent electrode may preferably
have a contact with the crystal silicon through an nsulating,
film 1n which carriers are tunnel-injected, so that the nano Si
may be protected by the stable insulating film, whereby still
higher light emission efficiency and stabilization may be
desirably attained.

[0021] Stll further, the transparent electrode may prefer-
ably have a direct contact with the crystal silicon and form a
Schottky junction, so that carriers may be injected at a lower
voltage (enhancing mjection efficiency) as compared with the
case where the insulating film 1s interposed, whereby the
power consumption of the resulting light-emitting element
may be advantageously reduced.

[0022] Further, the crystal silicon may preferably have a
crystal structure with a crystal face that intersects quasi-
perpendicularly the tlow line of the carriers injected and have
at least any one of the orientations (100), (110),and (111). In
this way, enhanced light emission efficiency and stability may
be attained. Particularly preferable 1s a crystal structure with
the (100) crystal face orientation.

[0023] Further, preferably, the crystal silicon may be dis-
posed separately from the silicon substrate, and the silicon
substrate and crystal silicon may contact each other through
an mnsulating film into which carriers are easily 1njected. The
surface of the crystal silicon may be protected by the stable
insulating film, so that the surface recombination current of
the carriers may be reduced, whereby still higher light emais-
s10on efficiency and stabilization may be attained.

[0024] Sull further, the silicon substrate and the crystal
silicon may preferably contact each other at a contact face
having a size smaller than the size of the crystal silicon,
whereby a homo-junction 1s formed. Carriers may be mjected
at a lower voltage (enhancing injection efficiency) as com-
pared with the case where the insulating film 1s interposed, so
that the power consumption of the resulting light-emitting
clement may be reduced.

[0025] From another standpoint, a crystal silicon element
to which the present invention 1s applied 1s provided with: a
silicon substrate that has one surface and the other surface
opposite to the one surface; a nanometer-size crystal silicon
that 1s disposed on the one surface of the silicon substrate and
has the same crystal face orientation as the silicon substrate;
a transparent electrode that 1s formed on the one surface of the
s1licon substrate, the silicon substrate having the crystal sili-
con disposed on the one surface; and a metal electrode that 1s
formed on the other surface of the silicon substrate.

[0026] Here, the crystal silicon may preferably have a
quasi-columnar shape and a diameter of 4 nm or less reduced
to a spherical particle. According to an experiment, the size at
which the quantum confinement effect emerges and a visible
light emission 1s obtained 1s about 4 nm or less, so that 1t 1s
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expected to attain light visible monochromatic to white at a
high efliciency by controlling the size at 4 nm or less in
various manners.

[0027] The vanation of the diameter of the columnar nano
S1 reduced to a spherical particle may preferably be selected
at 20% or less, so that any of red, green, and blue monochro-
matic light maybe emitted. For example, the half width of
wavelength may be preferably narrow to the full extent in
order to obtain a monochromatic light of three primary colors
(red, green, blue), and monochromatic light having an
extremely narrow wavelength may be emitted efficiently by
limiting the si1ze variation within 20% or less.

[0028] Stll further, the crystal silicon may preferably be
shaped 1n mixed sizes so as to emit red, green, and blue light,
whereby a white light-emitting element having a high etfi-
ciency may be advantageously attained.

[0029] A first fabrication process of the present invention,
that 1s, a method for fabricating the first crystal silicon ele-
ment using the silicon microcrystals, includes the steps of:
disposing, on one surface of a silicon substrate, plural nanom-
cter-size crystal silicons having the same crystal face orien-
tation as the silicon substrate in a manner that the crystal
s1licons are 1solated from the substrate; disposing a transpar-
ent electrode on one surface of the silicon substrate; and
disposing a metal electrode on the other surface of the silicon
substrate. The nano S1 crystal are 1solated from a single crys-
tal s1licon substrate having excellent crystallinity, so that the
nano S1 having a uniform crystal face orientation may be
disposed keeping good crystallinity. As a result, a highly
cificient light-emitting element may be provided 1n a cost-
clfective manner. Note that, the metal electrode 1s desirably
disposed 1n a manner that the metal electrode has an ohmic
contact with the substrate.

[0030] The step of disposing the crystal silicon while being
1solated from the silicon substrate may preferably include the
steps of: coating nanometer-size particles dispersed on one
surface of a single crystal silicon substrate; forming columnar
protrusions by etching the one surface of the silicon substrate
using the particles as a mask; and 1solating the columnar
protrusions irom the silicon substrate by oxidizing the one
surface except the columnar protrusions. The particles having
a controlled particle size are used as the mask to etch the
substrate and crystal silicons such as nano Si1 are cut out
directly from the substrate, so that crystal silicons having
excellent crystallinity, a umiform crystal face orientation and
particle size may be formed with good reproducibility. As a
result, a highly efficient light-emitting element having excel-
lent controllability of emission wavelength may be provided
with a high yield in a cost-effective manner.

[0031] The single crystal silicon substrate may have a
three-layered structure of single crystal silicon thin film/in-
sulating thin film/single crystal silicon (so called SOI (Silicon
On Insulator) substrate) The nano Si crystals are cut out from
a single crystal silicon thin film having a controlled thickness,
so that the volume of the nano S1 may be easily regulated.
Namely, the middle layer serving as the insulating film works
as a stopper for etching in the silicon etching step, so that the
height of the S1 columnar protrusions may be easily regulated.
The planar shape 1s regulated by the nanometric particles
serving as the etching mask, so that the volume of the nano S1
1s much more easily regulated and that the emission wave-
length 1s still more easily regulated.

[0032] From another point of view, the first fabrication
process of the present invention mcludes the steps of: dispos-
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ing nanometric particles dispersedly disposed on the one
surface of a single crystal silicon substrate; etching one sur-
face of the single crystal silicon substrate using the nanomet-
ric particles as an etching mask; and removing the nanometric
particles from the one surface of the single crystal silicon
substrate. The first fabrication process may further include
preferably the steps of: 1solating the columnar protrusions
from the silicon substrate by oxidizing the one surface except
the columnar protrusions obtained in the etching step; dispos-
ing a transparent electrode on the one surface of the silicon
substrate; and disposing a metal electrode on the other surface
ol the silicon substrate.

[0033] Next, a second crystal silicon element to which the
present mnvention 1s applied 1s provided with: a n-type single
crystal silicon substrate that has one surface and the other
surface opposite to the one surface; and a nanometer-size
p-type crystal silicon (nano S1) that 1s disposed on the one
surface of the silicon substrate and has the same crystal face
orientation as the silicon substrate.

[0034] Preferably, a metal electrode and a transparent elec-
trode maybe further included. The transparent electrode
forms a pair of electrodes together with the metal electrode.
The p-type crystal silicon and the silicon substrate are sand-
wiched between the pair of electrodes.

[0035] Preferably, the metal electrode may be disposed on
the other surface of the silicon substrate and has an ohmic
contact with the silicon substrate, and the transparent elec-
trode may be disposed on the p-type crystal silicon. The
resulting configuration allows carriers (electrons/holes) that
are 1njected from the electrodes 1nto the p-type crystal silicon
(nano S1) to recombine efficiently (enhancing quantum eiffi-
ciency) at a light emission center, so that the light emission
eificiency may be desirably remarkably enhanced. In addi-
tion, 1n the case where the nano S1 1n the light-emitting layer
are composed of the same material as the silicon substrate, the
elfect of strain caused by thermal expansion or the like may be
desirably mimimized, whereby stable light emission 1s advan-
tageously expected.

[0036] Further, preferably the transparent electrode may
contact the p-type crystal silicon (nano S1) through a thin
insulating {ilm 1n which carriers are tunnel-injected, so that
the surface of the nano S1 1s protected by the stable insulating,
film, whereby, for example, the light emission efficiency may
be enhanced and stabilization may be attained because the
surface recombination current that does not contribute to light
emission may be reduced.

[0037] Stll further, preferably the transparent electrode
may have a direct contact with the p-type crystal silicon, so
that the resulting p-n junction plane works as a hole barrier,
whereby the light emission efficiency may be desirably
enhanced. In addition, the nano Si1 and transparent electrode
may preferably directly contact each other so as to provide a
configuration where an ohmic contact with respect to holes 1s
tformed, so that carriers may be injected at a lower voltage
(enhancing injection etficiency) as compared with the con-
figuration where the isulating film 1s incorporated, whereby
the power consumption of the resulting light-emitting ele-
ment may be reduced.

[0038] Stll further, the p-type crystal silicon may prefer-
ably have a crystal structure 1n which the crystal face quasi-
perpendicular to the flow line of the carriers injected directs to
(100), whereby the light emission efficiency may be advan-
tageously enhanced because the non light-emission recombi-
nation caused by dangling bonds may be reduced.
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[0039] Sull further, the resistivity of the silicon substrate
may preferably be 10 m€2cm or less, whereby high efficiency
may be advantageously attained because the electron 1njec-
tion eificiency to the nanometer-size crystal silicon increases
and the resistance loss at the silicon substrate accompanying
the current tflow may be reduced.

[0040] Sull turther, the p-type crystal silicon may prefer-
ably be doped with aluminum, whereby the light-emitting
properties may be thermally stabilized because aluminum
forms a deeper acceptor level than boron, which 1s a common
p-type dopant.

[0041] From further point of view, a crystal silicon element
to which the present invention 1s applied 1s provided with: a
n-type single crystal silicon substrate that has one surface and
the other surface opposite to the one surface; a nanometer-
s1Ze p-type crystal silicon that 1s disposed on the one surface
of the silicon substrate and has the same crystal face orienta-
tion as the silicon substrate; a transparent electrode that 1s
formed on the one surface of the silicon substrate, the silicon
substrate having the p-type crystal silicon disposed on the one
surface; and a metal electrode that 1s formed on the other
surface of the silicon substrate.

[0042] Further, 1n the crystal silicon element, the p-type
crystal silicon and the transparent electrode contact each
other through an insulating film, and a current tlow passage 1s
from the transparent electrode, through the 1nsulating film,
the p-type crystal silicon and the silicon substrate, to the metal
clectrode. The current flow passage 1s formed when a voltage
1s applied for carrier injection across two electrodes of the
transparent electrode serving as an anode and the metal elec-
trode serving as a cathode.

[0043] The p-type crystal silicon and the transparent elec-
trode directly contact each other, and a current tlow passage 1s
from the transparent electrode, through the p-type crystal
silicon and the silicon substrate, to the metal electrode. The
current tlow passage 1s formed when a voltage 1s applied for
carrier injection across two electrodes of the transparent elec-
trode serving as an anode and the metal electrode serving as a
cathode.

[0044] A second fabrication process of the present mven-
tion, that 1s, a method of fabricating a second crystal silicon
clement using the silicon microcrystals, includes the steps of:
disposing, on the one surface of a silicon substrate, plural
nanometer-size p-type crystal silicons (nano S1) having the
same crystal face orientation as the silicon substrate through
solid-phase growth; disposing a transparent electrode on the
one surface where the p-type crystal silicon are disposed; and
disposing a metal electrode on the other surface of the silicon
substrate. The nanometer-size crystal silicons having the
same crystal face orientation as the silicon substrate may be
formed at low temperatures through solid-phase epitaxial
growth, so that no redistribution among p-type and n-type
dopants occurs. The nanometer-size p-n junction may easily
be formed with good reproducibility, whereby a highly effi-
cient light-emitting element may be provided 1n a cost-etiec-
tive manner.

[0045] Here, the p-type crystal silicon disposing process 1s
provided with: a forming process that forms a thin film of
aluminum-silicon (Al—S1) on the silicon substrate; a epitaxi-
ally-growing process that epitaxially grows 1n solid phase the
p-type crystal silicon on the silicon substrate through heat
treatment at a temperature not exceeding the melting point of
the aluminume-silicon (Al—=S1); and a removing process that
removes the thin film of aluminum-silicon (Al—S1).
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[0046] From furthermore point of view, the second fabri-
cation process of the present invention includes the steps of:
forming a thin film of aluminume-silicon (Al—S1) on one
surface ol a single crystal silicon substrate; growing the
p-type crystal silicon (nano Si) on the silicon substrate by
performing heat-treatment at a temperature not exceeding the
melting point of the aluminum-silicon (Al—S1) and within a
predetermined temperature range 1 which solid-phase epi-
taxial growth proceeds; and removing the thin film of alumi-
num-silicon (Al—S1). The second fabrication process may
preferably further include the steps of: disposing a transpar-
ent electrode on one surface of the silicon substrate; and
disposing a metal electrode on the other surface of the silicon
substrate.

[0047] The predetermined temperature range 1n which the
solid-phase epitaxial growth may proceed preferably has a
lower limit of about 350° C. and an upper limit of about 550°
C. not exceeding the melting point of 570° C. The Al—Si1
serves as a S1 source for the solid-phase growth, so that the
p-type nano S1 auto-doped with Al may be easily formed with
good reproducibility. In this way, a highly eflicient light-
emitting element may be provided 1n a cost-effective manner.

[0048] Next, a third crystal silicon element to which the
present mnvention 1s applied 1s provided with: a single crystal
s1licon substrate that has a pair of surfaces; and a plurality of
quasi-columnar crystal silicons (hereinatter, 1t may be called
“nano S1 column”™ for short) that are disposed on a principal
surface of the single crystal silicon substrate, have the same
crystal face orientation as the principal surface, and stand
quasi-perpendicularly to the single crystal silicon substrate
surface. Preferably, the crystal silicon element 1s provided
with: ametal electrode; and a transparent electrode that forms
a pair of electrodes together with the metal electrode. The pair
of electrodes sandwiches the quasi-columnar crystal silicons.

[0049] Plural nano Si columns provided so as to stand
quasi-perpendicularly on the same plane and have the same
crystal face orientation with one another are sandwiched
between a pair of electrodes, that 1s, between a transparent
clectrode and a metal electrode. Thus formed configuration
allows carriers (electrons/holes) that are injected from the
clectrodes 1nto the nano S1 columns to recombine efficiently
at light-emission centers (enhancing quantum efficiency),
whereby the light emission efficiency may be remarkably
enhanced. Further, in the case where the nano Si columns 1n
the light-emitting layer are composed of the same material as
the silicon substrate, the effect of strain caused by thermal
expansion or the like may be desirably minimized, whereby
stable light emission 1s preferably expected.

[0050] Inthe foregoing configuration, preferably, the metal
clectrode maybe disposed on the other surface of the single
crystal silicon substrate and may have an ochmic contact with
the single crystal silicon substrate, and the transparent elec-
trode may be disposed so as to contact the upper face of the
nano S1 columns.

[0051] Further, the transparent electrode may preferably
contact the nano Si columns through an insulating film 1n
which carriers are easily tunnel-1njected, so that the nano Si1s
desirably protected by the stable insulating film, whereby still
more enhanced light emission efficiency and stability may be
attained.

[0052] Stll further, a Schottky junction may be preferably
tormed by allowing the transparent electrode to directly con-
tact the quasi-columnar crystal silicons, so that carriers may
be mjected at a lower voltage (enhancing injection efficiency)
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as compared with the configuration in which the msulating
f1lm 1s 1ncorporated. In this way, the power consumption of
the resulting light-emitting element may be advantageously
minimized.

[0053] Alternatively, the nano S1 columns maybe prefer-
ably formed into a two-layered structure composed of a
p-type conductive layer and an n-type conductive layer in the
height direction, and one of the conductive layers has an
ohmic contact with the transparent electrode. The carriers
injected from the transparent electrode through one conduc-
tive layer to the other conductive layer recombine 1nside the
nano S1 columns, so that surface recombination that does not
contribute to emission 1s reduced, whereby still more
enhanced light emission efficiency and stability may be
attained. Further, as compared with the configuration 1n
which the msulating film 1s icorporated, carriers may be
injected at a lower voltage (enhancing injection efficiency),
so that the power consumption of the resulting light-emitting
clement may be advantageously reduced.

[0054] In the foregoing configuration, the bottom face of
the nano S1 columns may preferably contact directly the
single crystal silicon substrate so as to form a homo-junction,
and at least the side of the nano S1 columns may be covered
with an mnsulating {ilm, so that the surface of the single crystal
s1licon substrate except the upper face of the nano Si columns
1s electrically msulated from the transparent electrode.

[0055] Sull further, the nano S1 columns may preferably
have a crystal structure with a crystal face that intersects
quasi-perpendicularly the tflow line of the carriers injected
and has at least any one of the orientations (100), (110), and
(111). In this way, enhanced light emission efliciency and
stability may be attained.

[0056] From furthermore point of view, a crystal silicon
clement to which the present invention 1s applied 1s provided
with: a single crystal silicon substrate that has a pair of sur-
faces; a plurality of quasi-columnar crystal silicons (nano Si
columns) that are disposed on a principal surface of the single
crystal silicon substrate, have the same crystal face orienta-
tion as the principal surface, and stand quasi-perpendicularly
to the single crystal silicon substrate surface; a transparent
clectrode that 1s formed on the principal surface of the single
crystal silicon substrate having the nano S1 columns and has
a contact with the upper face of the nano S1 columns, a metal
clectrode that 1s formed on the other surface of the single
crystal silicon substrate.

[0057] Here, the nano S1 column has a diameter of 4 nm or
less and a column height 2 to 50 times of the diameter.

[0058] According to an experiment, the shape that allows
the nano columuns to exhibit the quantum confinement effect
and to provide stable visible light emission should be char-
acterized by a diameter of about 4 nm or less and a height of
two or more times of the diameter. On the other hand, when
the nano S1 columns are exceedingly high, the light emission
elficiency 1s lowered because the component of the resistance
of the carriers injected from the silicon substrate into the nano
S1 columns and transported to the recombination region
increases. The height of the nano S1 columns 1s preferably
within 50 times of the diameter. The diameter and height of
the nano S1 columns may be effectively controlled 1n various
manners, so that light emission from visible monochromatic
to white maybe attained at a high efficiency.

[0059] Stll further, the nano S1 columns may preferably be
regulated 1n such a size that the S1 columns may emait visible
monochromatic light or white light. The nano S1 columns
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may preferably be shaped in mixed sizes so as to emit red,
green, and blue light, whereby a white light-emitting element
having a high efficiency may be advantageously attained.
[0060] A third fabrication process of the present invention,
that 1s, a method of fabricating a third crystal silicon element
using the silicon microcrystals, includes the steps of: form-
ing, on the principal surface of a silicon substrate, plural nano
S1 columns that have the same crystal face orientation as the
s1licon substrate and stand quasi-perpendicularly with respect
to the principal surface of the silicon substrate by processing,
the silicon substrate; disposing, on the principal surface of the
s1licon substrate, a transparent electrode 1n a manner that the
transparent electrode contacts the upper face of the nano Si
columns; and disposing a metal electrode on the other surface
of the silicon substrate.

[0061] The nano S1 columns are formed by cutting out the
single crystal silicon substrate having excellent crystallinity,
so that nano Si1 having a uniform crystal face orientation may
be formed while the excellent crystallinity 1s preserved. As a
result, a highly efficient light-emitting element may be pro-
vided 1n a cost-effective manner.

[0062] Here, the nano S1 columns disposing process 1s pro-
vided with: a thin film disposing process that disposes a thin
f1lm of aluminum on the principal surface of the single crystal
silicon substrate;

[0063] a converting process that converts the thin film of
aluminum 1nto porous alumina having micropores with a
uniform size through anodic oxidation; a embedding process
that embeds an 1norganic material in the micropores of the
porous alumina; a removing process that selectively removes
the porous alumina by etching; and a quasi-columnar protru-
s1ons disposing process that disposes quasi-columnar protru-
s1ons by etching the principal surface of the silicon substrate
using the morganic material as a mask.

[0064] Nano Si1columns are cut out of the silicon substrate
by using, as a mask for etching the silicon substrate, an
inorganic material made of a porous alumina having
micropores with a uniform diameter, whereby nano S1 col-
umns having excellent crystallinity and uniform diameter are
obtained with good reproducibility. As a result, a highly effi-
cient light-emitting element having an excellent controllabil-
ity of emission wavelength may be preferably provided with
a high yield.

[0065] Further, the step of forming the nano S1 columns
may preferably includes the steps of: disposing an organic
film of a block copolymerized polymer on the principal sur-
face of the silicon substrate; performing heat treatment of the
organic film for phase separation; forming micropores uni-
form 1n size 1n the organic film by selective etching; embed-
ding an norganic material 1n the micropores of the organic
f1lm; and etching the organic film and the principal surface of
the silicon substrate so as to form quasi-columnar protru-
s1ons. In this way, nano S1 columns having uniform size may
be formed with good reproducibility more easily as compared
with the alforementioned method using the porous alumina.

[0066] Still another step may be preferably included,
namely, oxidizing the surface of the silicon surface except at
least the upper face of the nano S1 columns, so that the
diameter of the nano Si1 columns maybe regulated and that the
silicon substrate and the side face of the nano Si maybe
clectrically 1solated from the transparent electrode.

[0067] Thediameter of the nano S1columns 1s decreased by
oxidation after the nano S1 columns having a diameter larger
than a desired value are formed, so that fabrication advan-
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tages such as mechanical stabilization of the nano S1 columns
may be attained and that the emission wavelength may be
regulated easily. In addition, the oxidation also helps to
reduce fabrication cost because the portions other than the
upper face of the nano S1 columns are electrically i1solated
from the transparent electrode. As a result, a highly efficient
light-emitting element having an excellent controllability of
emission wavelength may be provided with a high yield in a
cost-effective manner.

Ettect of the Invention

[0068] According to the present invention, a nano S1 light-
emitting element having an excellent crystallinity with fewer
non light-emission recombination centers may be provided.

BEST MODE FOR CARRYING OUT TH
INVENTION

L1l

[0069] Best modes for carrying out the present invention
(herematter called as exemplary embodiments) will be
explained 1n detail below. Note that, the present inventionis in
no way limited to those exemplary embodiments, but may be
embodied 1n various forms within the scope of the present
invention. Further, the accompanying drawings are used to
explain the exemplary embodiments of the present invention,
and do not show the actual size.

Exemplary Embodiment 1

[0070] FIG. 1 1s a fragmentary cross sectional view of a
nano S1 light-emitting element in accordance with an exem-
plary embodiment of the aforementioned first crystal silicon
clement. FIG. 2 1s a perspective view of the nano S1 light-
emitting element shown 1n FIG. 1. In FIG. 2, 1n order to help
the understanding of a nano S1 light-emitting element con-
figuration, a part of the transparent electrode 1s cut out.
[0071] Asshown in FIGS. 1 and 2, a nano S1 light-emitting
clement serving as a crystal silicon element has a p-type
single crystal silicon substrate 10 having a pair of principal
surfaces and silicon oxide films 17 including a thick silicon
oxide film 17a and a thin silicon oxide film 175 that are
disposed on the one principal surface (on the one surface) of
the silicon substrate 10. In addition, on the thin silicon oxide
{1lm 175, plural nano S113 as plural crystal silicons having the
same crystal face orientation as the silicon substrate 10 are
tormed. The plural nano S1 15 are cylindrical columnar pro-
trusions formed on the thin silicon oxide film 174. Further, on
the one surface of the silicon substrate 10, a thin silicon oxide
f1lm 16 1s disposed 1n a manner that the thin silicon oxide film
16 covers the upper and side faces of the nano S1 15, and a
transparent electrode ({or example ITO) 19 1s disposed 1n a
manner that the transparent electrode 19 covers at least the
upper face of the nano S1 15. In place of the thin silicon oxide
film 16, a silicon nitride film may be used. Further, on the
other principal surface (on the other surface) of the silicon
substrate 10, a metal electrode 18 (for example, aluminum) 1s
formed 1n a manner that the metal electrode 18 has an ohmic
contact with the other surface of the silicon substrate 10.
[0072] The nano S1 light-emitting element having the
alforementioned configuration operates as a visible light-
emitting element when a voltage 1s applied across the trans-
parent electrode 19 serving as a cathode and the metal elec-
trode 18 serving as an anode.

[0073] FIG. 3 1s a chart that shows a band structure and
carrier flow directions for explaining the operation principle
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shown in FIGS. 1 and 2. As shown 1n FIG. 3, electrons that are
tunnel-injected from the transparent electrode 19 through a
S10,, barrier of the thin silicon oxide film 16 and holes that are
tunnel-injected from the metal electrode 18 via the silicon
substrate 10 through the S10, barrier of the thin silicon oxide
film 175 are trapped at recombination centers inside the nano
S1 15, and emit light. The reason why silicon having a near-
inirared band gap emits visible light 1s due to the quantum
confinement effect (band gap expansion) induced by reducing
the crystal size. Namely, the nano Si1 light-emitting element
having the atorementioned configuration 1s characterized in
that various wavelength components may be attained by regu-
lating the size of the nano S1 15. According to the mnvestiga-
tional results 1n the present exemplary embodiment, blue
color was obtained at a diameter of about 2 nm, green color at
about 2.5 nm, and red color at about 3.3 nm (described later).
Here, the diameter of the nano Si1 15 1s represented by being
reduced to a spherical body. Theretfore, 1n order to eliminate
useless infrared light and attain a highly efficient visible
light-emitting element, the nano S1 15 1s required to have a
diameter (reduced to a spherical body) of 4 nm or less, par-
ticularly to be regulated at from 2 nm to 4 nm. It 1s desirable
that the variation of the diameter 1s regulated within 20% or
less so as to obtain a monochromatic light such as three
primary colors at a high efficiency.

[0074] The relationship between light emission efliciency
and crystal axis of the nano S1 15 has been investigated 1n
detail. The results of mnvestigation show that the nano S1 135
having a uniform crystal face ornientation according to the
present exemplary embodiment provided remarkably
enhanced light emission efficiency as compared with the
related arts where randomly oriented crystal axes are
involved. Further, 1n relation to the crystal face orientation of
the upper face (the face directing quasi-perpendicularly to the
tlow direction of carriers) of the nano S1135, the light emission
elliciency reached a maximum at a crystal structure of (100)
followed by (110)and (111). The relation with the crystal face
orientation 1s 1n the reverse order with the dangling bond
density, so that the dangling bonds on the nano S1 surface are
considered to work as recombination centers for non light-
emission. Therefore, 1t 1s desirable that the upper face of the
nano S1 15 be regulated to direct to the (100) face.

[0075] FIG. 4 1s a fragmentary cross sectional view of a
modified example of the nano Si light-emitting element

shown 1n FIG. 1. In order to avoid explanation repetition, the
portions that differ from the example shown in FIG. 1 are
explained. In the modified example shown 1n FIG. 4, the thin
s1licon oxide film 16 disposed on the upper face of the nano S1
15 1s eliminated so as to directly contact the nano S1 15 and the
transparent electrode 19 and to form a Schottky junction 21.
Namely, 1n the example shown in FIG. 1, electrons are
injected from the transparent electrode 19 to the nano S115 by
tunnel-injection through the insulating film barrier of the thin
silicon oxide film 16. On the other hand, in the modified
example shown in FIG. 4, electrons are injected from the
transparent electrode 19 into the nano S1 15 by tunnel-1njec-
tion through the Schottky barrier of the Schottky junction 21.
In the Schottky junction 21, the transparent electrode 19 and
the nano S1 15 contact each other and provide a rectification
property similar to a p-n junction. The Schottky junction 21
may lower the barrier height as compared with the thin silicon
oxide film 16. As a result, electron injection etfficiency may be
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enhanced and the operation voltage may be lowered, whereby
the power consumption of the nano Si1 light-emitting element
may be reduced.

[0076] FIG. 5 1s a fragmentary cross sectional view of
another modified example of the nano Si1 light-emitting ele-
ment shown in FIG. 1. In order to avoid explanation repeti-
tion, the portions that differ from the example shown 1n FIG.
1 are explained. In the modified example shown 1n FIG. 5, at
the center of the position where the nano S1 15 1s disposed,
there 1s no thin silicon oxide film 175 that 1s shown 1n FIG. 1.
Namely, 1n the example shown 1n FIG. 5, a direct contact
between the single crystal silicon substrate 10 and the nano S1
15 1s given with a smaller contact area as compared with the
s1ze of the nano S1 13 so as to develop a S1-S1 homo-contact
20. The direct contact with a smaller contact area as compared
with the size of the nano S1 15 hardly impairs the quantum
confinement effect (band gap expansion) even the direct con-
tact develops 1n the S1-S1 homo-contact 20.

[0077] FIG. 6 1s a chart that shows a band structure and
carrier flow directions for the purpose of explaining the
operation principle of the modified example shown 1n FI1G. 5.
In the example shown 1n FIG. 6, similarly to the aforemen-
tioned example, electrons are injected from the transparent
clectrode 19 to the nano S1 15 by tunnel-injection through the
insulating film barrier (S10, barrier) of the thin silicon oxide
film 16. On the other hand, a small hole barrier 1s set up
between the silicon substrate 10 and the nano S1 15, however,
the hole barner 1s lower as compared with the case where the
thin silicon oxide film 175 1s disposed, so that holes may be
injected into the nano S1 by applying a smaller bias voltage
Theretore, the hole injection efliciency 1s enhanced, and the
operation voltage 1s lowered. Namely, the power consump-
tion of the nano S1 light-emitting element may be reduced.

[0078] A nano Silight-emitting element may also be pro-
vided by combining the example shown 1n FIG. 4 and the
example shown 1n FIG. 5. Specifically, the transparent elec-
trode 19 1s allowed to contact directly the nano S1 15 and the
silicon substrate 10 1s also allowed to directly contact the
nano S115. This combination also may exert the effect of the
present exemplary embodiment.

[0079] Here, there 1s mentioned the relationship between
the size of the nano S1light-emitting element and the emission
wavelength. FIG. 7 1s a graph showing the relationship
between the size of the nano S1 and the peak value of emission
wavelength obtained by anano S1 light-emitting element. The
horizontal axis of FIG. 7 represents the diameter (nm) of the
nano S1 reduced to a spherical body and the vertical axis
represents the peak wavelength (nm) of light emission. The
experimental results are represented by a dotted line. Accord-
ing to the experimental results, when the diameter of the nano
S1 15 1s represented by being reduced to a spherical body as
mentioned above, blue color was obtained at a diameter of
about 2 nm, green color atabout 2.5 nm, and red color at about
3.3 nm. Therelore, 1n order to eliminate useless infrared light
and to attain a highly efficient visible light-emitting element,
the diameter (reduced to a spherical body) of the nano S115 1s
required to be 4 nm or less and 1s preferably controlled to be
2 to 4 nm. Particularly, the varniation of the diameter 1s desir-
ably regulated within 20% or less 1n order to obtain mono-
chromatic light such as three primary colors in high eifi-
ci1ency.

[0080] FIG. 8 shows still another modified example 1n the
exemplary embodiment 1, showing a fragmentary cross sec-
tional view of a white color nano Si1 light-emitting element.
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The nano S1 light-emitting element of the modified example
shown in F1G. 8 has a p-type single crystal silicon substrate 10
having a pair of principal surfaces and silicon oxide films 17
including a thick silicon oxide film 174 and a thin silicon
oxide film 175 that are disposed on one principal surface (on
one surtace). In addition, on the thin silicon oxide film 175,
plural nano S1 15 as plural crystal silicons having the same
crystal face orientation as the silicon substrate 10 are formed.
The plural nano S1 15 are cylindrical columnar protrusions
that are divisionally disposed on the thin silicon oxide film
1756 1n a manner that these protrusions are classified into three
s1zes of 15a, 15b, and 15¢ (L1, L2, and LL3) so as to emit at
least three colors of red, green and blue. Further, on one
surface of the silicon substrate 10, a thin silicon oxide film 16
1s disposed so as to cover the upper and side faces of the nano
S1 15, and a transparent electrode (for example I'TO) 19 1s
disposed so as to cover at least the upper face of the nano Si
15. In place of the thin silicon oxide film 16, a silicon mitride
film may be used. Further, on the other principal surface (on
the other surface) of the silicon substrate 10, a metal electrode
18 (for example, aluminum) 1s formed so as to make an ohmic
contact with the other surface of the silicon substrate 10. In
the example of FIG. 8, a light-emitting element emitting
white color light may be easily attained by only divisionally
disposing the nano S1 135 by classifying the size into at least
three kinds. There 1s not any limitation on the pattern at which
the three kinds of nano S1 are disposed, but each color may be
disposed linearly, blocked, or randomly so as to emit white
color as a whole.

[0081] Next, amethod of fabricating or producing a nano Si
light-emitting element according to the exemplary embodi-
ment 1 will be explained.

[0082] FIG. 9-1 and FIG. 9-2 are fragmentary cross sec-
tional views illustrating a method of producing a nano Si
light-emitting element according to the exemplary embodi-
ment 1. The method 1s illustrated 1n the order of production
steps. In this method, a single crystal silicon substrate 10
having a pair of (100) principal surfaces 1s prepared first, and
a silicon nitride film 11 1s formed on one principal surface (on
one surface) by the CVD (Chemical Vapor Deposition)
method (FIG. 9-1A).

[0083] Next, nano particles 12 including, for example,
magnetite (Fe,O,) fine particles 12a having a diameter of 3
nm and protective organic groups 126 around the fine par-
ticles 12a are coated and dispersed on the silicon nitride film
11 (FIG. 9-1B). By using the nano particles 12 as a mask, the
upper layer (for example, up to 3 nm deep) of the silicon
nitride film 11 and the silicon substrate 10 are etched by the

conventional RIE so as to form silicon protrusions 13a and
depressions 1356 (FIG. 9-1C).

[0084] Thereafter, the nano particles 12 areremoved by wet
process using an organic solvent, and a silicon mitride film 14
1s formed on the entire surface by the conventional CVD

method (FIG. 9-1D).

[0085] Next, the silicon nitride film 14a except the portion
thereot on the side faces of the silicon protrusions 13a 1s
removed by etching in the height direction of the silicon
protrusions 13a using the RIE (Reactive Ion Etching) process
(FIG. 9-2E).

[0086] Subsequently, by using the silicon nitride films 11
and 14a as a protection mask, a relatively thick silicon oxide
film 17a as the silicon oxide film 17 1s formed through heat
treatment 1n an oxidative atmosphere. At this time, an appro-
priate control of the oxidation conditions allows the silicon
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oxide film to intrude beneath the silicon protrusions 13a
(forming so called bird’s beak), whereby the nano S1 15
isolated by a thin silicon oxide film 175 are formed (FIG.
9-2F).

[0087] Then, after the silicon nitride films 11 and 14a are
removed by wet-etching process using hot phosphoric acid or
the like, a thin silicon oxide film 16 having a controlled
thickness 1s formed on the surface of the nano Si 15 through
heat treatment 1n an oxidative atmosphere (FIG. 9-2G).
[0088] Finally, a transparent electrode (ITO) 19 composed
of a compound based on indium oxide i1s formed on one
principal surface (on the one surface) having the nano S1. A
metal electrode 18 of aluminum 1s formed on the opposite
surface (on the other surface) (FI1G. 9-2H). In this way, a nano
S1 light-emitting element as shown 1n FIG. 1 1s obtained.

[0089] The nano S1 light-emitting element fabricated in the
alforementioned process included the columnar nano Si1 15
having a diameter of about 2.5 nm and a height of about 3 nm,
and was confirmed to emit green color light having a peak
wavelength of about 550 nm. The nano Si1 light-emitting
clement attained a remarkably enhanced light emission eifi-
ciency because of the following reasons.

[0090] Firstly, the nano S1 15 of the nano S1 light-emitting
clement has the same crystal face orientation as the single
crystal silicon substrate 10 and a uniform crystal face orien-
tation of (100) as well, so that the number of the non light-
emission recombination centers due to the dangling bonds on
the surface of the nano S1 may be minimized. In addition, the
nano Si1 15 may have a crystallinity almost free of defects
because the nano Si1 15 1s cut out of the silicon substrate 10
having an extremely excellent crystallinity.

[0091] Further, a nano S1 light-emitting element having an
excellent umiformity 1n size may be formed because the size
of the nano S1 15 1s regulated by using the nano particles 12
having a uniform particle size as an etching mask. For this
reason, an extremely excellent controllability of emission
wavelength 1s attained. According to an experiment, the varia-
tion 1n the size was suppressed within 20% or less.

[0092] Stll further, by changing the size of the nanopar-
ticles 12, an element having a different emission wavelength
may be easily produced in the similar production process.
According to an experiment, when the size of the nano Si1 15
1s represented by a diameter reduced to a spherical body, blue
color light was emitted at a diameter of about 2 nm, green
color atabout 2.5 nm, and red color at about 3.3 nm. A mixture
thereol was confirmed to provide white color. In this way,
according to the exemplary embodiment 1, a nano Si1 light-
emitting element having a desired wavelength may be
attained with a high vield in a cost-effective manner.

[0093] As the nanoparticles, magnetite (Fe,O,) was exem-
plified, but the other ferrite particles, or metal particles such
as Au, Pt, Pd, Co, and the like may be used. Any material
maybe used without limitation as long as the material works
as an etching mask for the silicon substrate. Further, as the
method of dispersedly disposing the nano particles, the
method of coating nano particles having protective organic
groups was exemplified, but there may be used, for example,
a method of sputtering the aforementioned metal particles
themselves. Furthermore, there maybe used a method of
using a LB (Langmuir Blodgett) film or the like, or a method
of using phase separation of a block copolymerized polymer
or the like. Further, as the transparent electrode 19, ITO was
exemplified, but any material may be used without any par-
ticular limitation as long as the material keeps transparency to
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visible light and possesses electrical conductivity. Further, as
the metal electrode 18, aluminum was exemplified, but any
material may be used without any particular limitation as long,
as the material 1s excellent 1n electrical conductivity and
makes an ohmic contact with the silicon substrate. Still fur-
ther, as the best mode of the crystal face onientation of the
nano S1 15, (100) was exemplified, but (110) or (111) may
also be used.

[0094] The completed form ofthe light-emitting element of
the production method shown in FIGS. 9-1 and 9-2 was
exemplified by the same nano S1 light-emitting element as the
one shown in FIG. 1, but maybe modified 1n various manners.
For example, after the step ol F1G. 9-2G, the thin silicon oxide
f1lm 16 on the upper face of the nano S1 15 may be removed by
etching using the RIE process so as to lead to an embodiment
of the modified example shown 1n FI1G. 4. Further, the con-
ditions for forming the thin silicon oxide film 175 as shown 1n
FIG. 9-2F may be selected so as to lead to an embodiment 1n
which the silicon substrate 10 and the nano Si1 15 partly
contact each other, that 1s, an embodiment of the modified
example shown in FIG. 5. A combination of these embodi-
ments may of course be included.

[0095] FIG. 10-1 and FIG. 10-2 are fragmentary cross sec-
tional views illustrating another method of producing a nano
S1 light-emitting element according to the exemplary
embodiment 1. The method 1s illustrated 1n the order of pro-
duction steps. In this method, a so-called SOI (Silicon on
Insulator) substrate 30 formed by a single crystal silicon
substrate 30q, a silicon oxide thin film 305 and a single crystal
s1licon thin film 30c¢ 1s prepared first, and a silicon nitride film
31 1s formed on the single crystal silicon thin film 30c¢ (FIG.
10-1A).

[0096] Next, nano particles 32 including magnetite (Fe,O,)
fine particles 32a controlled a diameter of 3 nm and protective
organic groups 325 around the particles are coated and dis-

persedly disposed on the silicon nitride film 31 (FIG. 10-1B).

[0097] By using the nano particles 32 as a mask, the silicon
nitride film 31 and the single crystal silicon thin film 30c¢ are

etched by the RIE process so as to form nano Si1 33 separated
cach other (FIG. 10-1C).

[0098] Next, after nano particles 32 are removed by wet
process using an organic solvent, silicon oxide films 34 and
35 are formed through heat treatment in an oxidative atmo-

sphere on the upper surface of the single crystal silicon sub-
strate 30q and the side faces of the nano S1 33 (FI1G. 10-2D).

[0099] Thereatter, a silicon nitride film 31 1s selectively
removed by dipping 1n hot phosphoric acid (FI1G. 10-2E).

[0100] Finally, a transparent electrode (ITO) 36 composed
of a compound based on indium oxide was formed on the
principal surface (including on the nano S1 33) having the
nano 33 disposed thereon, and a metal electrode 37 of alumi-

num 1s formed on the other surface so as to obtain a nano Si
light-emitting element (FIG. 10-2F).

[0101] The nano Si1 light-emitting element obtained as
described above includes columnar nano S1 having a diameter
of about 2 nm and a height of about 2.5 mm, and was con-
firmed to emit blue color light having a peak wavelength of
about 440 nm by applying a voltage across the transparent
clectrode 36 serving as a cathode and the metal electrode 37
serving as an anode. In the product element provided by the
production method shown in FIG. 10-1 and FIG. 10-2, a
s1licon oxide thin film 305 and a single crystal silicon thin film
30c¢ have an excellent controllability of thickness, so that the
nano S1 33 may acquire an enhanced precision in height as
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compared with the aforementioned production method
shown 1n FIG. 9-1 and FIG. 9-2. In addition, hole mjection
from the single crystal silicon substrate 30a 1nto the nano Si
33 may be stabilized at low voltage. Further, the diameter of
the columnar nano S1 33 maybe controlled by the thickness of
the oxide film formed in the thermal oxidation step, so that
three primary colors of red, green, and blue may be separately
formed 1n the same procedure. Therefore, a highly efficient
light-emitting element having an excellent controllability 1n
emission wavelength may be provided 1n a cost-effective
mannet.

[0102] Inthis way, as mentioned above 1n detail, according
to the exemplary embodiment 1, crystal silicons such as the
nano S1 have a uniform crystal face orientation and the nano
S1 15 directly cut out of the silicon substrate of single crystal
by using the nano particles so that a nano S1 light-emitting
clement having a high quality crystal (high efliciency) with
reduced number of non light-emission recombination centers
and an excellent controllability 1n particle diameter (control-
lability 1n emission wavelength) may be attained. As a result,
there may be provided 1n a cost-efiective manner, a long-life,
highly efficient nano Si1 light-emitting element emitting any
light freely from three principal colors to white color.

Exemplary Embodiment 2

[0103] FIG. 11 1s a fragmentary cross sectional view of a
nano S1 light-emitting element in accordance with an exem-
plary embodiment of the atorementioned second crystal sili-
con element. As shown 1n FIG. 11, the nano Si1 light-emitting
clement serving as a crystal silicon element has a n-type
single crystal silicon substrate 40 having a pair of principal
surfaces, silicon oxide films 43 disposed on the one principal
surface (one surface side) of the silicon substrate 40 and
having an aperture portion partly, and plural nano Si1 (p-type

crystal silicon) 42 disposed on the aperture portion of the
silicon oxide films 43 and having the same crystal face ori-
entation as the silicon substrate 40. Further, the nano S1 light-
emitting element has a silicon oxide films 44 disposed 1n a
manner that the silicon oxide film 44 covers the upper and side
faces of the nano S1 42, and a transparent electrode (for
example ITO) 45 disposed 1n a manner that the transparent
clectrode 435 covers at least the upper face of the nano Si142.
Furthermore, on the other principal surface (on the other
surface) of the silicon substrate 40, a metal electrode 46 (for
example, aluminum) 1s formed 1n a manner that the metal
clectrode 46 has an ohmic contact with the other surface of the
silicon substrate 40.

[0104] Thenano S1light-emitting element having the above
configuration 1s operated as a visible light-emitting element
by applying a voltage across the transparent electrode 45
serving as an anode and the metal electrode 46 serving as a
cathode. When a voltage 1s applied across the two electrodes
of the transparent electrode 45 serving as an anode and the
metal electrode 46 serving as a cathode, a current flows along
the following pathway: from the transparent electrode 45,
through the insulating film (silicon oxide film 44), the p-type
crystal silicon (nano S142) and the silicon substrate 40, to the
metal electrode 46.

[0105] FIG. 12 1s a chart that shows a band structure and
carrier flow directions for explaining the operation principle
shown in FIG. 11. As shown 1n FIG. 12, holes that are tunnel-
injected from the transparent electrode 435 through the thin
s1licon oxide film 44 and electrons that are injected from the
metal electrode 46 via the single crystal silicon substrate 40
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through a p-n junction are trapped at recombination centers
inside the nano S142, and emit light. The reason why silicon
having a near-infrared band gap emits visible light i1s due to
the quantum confinement effect (band gap expansion)
induced by reducing the crystal size. Since the p-n junction
between the nano S1 42 and the silicon substrate 40 serves as
a hole barrier, the quantum confinement effect 1s not spoiled.
That 1s, 1t 1s not necessary to cover the nano Si1 42 with the
s1licon oxide film like a conventional method, and light emis-
s10n efficiency may be increased.

[0106] The nano Si1 light-emitting element having the
alorementioned configuration 1s characterized 1n that various
wavelength components may be attained by regulating the
s1ze of the nano S142. According to the result of the study 1n
the present exemplary embodiment, when the diameter of the
nano S1 42 1s represented by being reduced to a spherical
body, blue color was obtained at a diameter of about 2 nm,
green color at about 2.5 nm, and red color at about 3.3 nm.
Therefore, 1n order to eliminate useless infrared light and to
attain a highly efficient visible light-emitting element, the
diameter (reduced to a spherical body) of the nano S1 42 1s
required to be 4 nm or less and 1s preferably controlled to be
2 to 4 nm.

[0107] The relationship between light emission efficiency
and crystal axis of the nano S1 42 has been mvestigated 1n
detail. The results of investigation show that the nano S1 42
having a uniform crystal face orientation according to the
present exemplary embodiment provided remarkably
enhanced light emission efficiency as compared with the
related arts where randomly ornented crystal axes are
involved. Further, 1n relation to the crystal face orientation of
the upper face (the face directing quasi-perpendicularly to the
flow direction of carriers) of the nano S142, the light emission
elliciency reached a maximum at a crystal structure of (100)
followed by (110)and (111). The relation with the crystal face
orientation 1s 1n the reverse order with the dangling bond
density, so that the dangling bonds on the nano S1 surface are
considered to work as recombination centers for non light-

emission. Therefore, 1t 1s desirable that the upper face of the
nano S1 42 be regulated to direct to the (100) face.

[0108] FIG. 13 i1s a fragmentary cross sectional view of a
modified example of the nano S1 light-emitting element
shown in FI1G. 11. In order to avoid explanation repetition, the
portions that differ from the example shown 1n FIG. 11 are
explained. In the modified example shown in FI1G. 13, the thin
s1licon oxide film 44 disposed at least on the upper face of the
nano S142 1s eliminated so as to directly contact the nano S1
42 and the transparent electrode 45 and to form an ohmic
contact. Namely, 1t 1s the same as the example shown 1n FIG.
11 except electrons being injected from the transparent elec-
trode 45 to the nano S1 42 by tunnel-injection through the
Schottky barrier (ohmic contact) instead of the insulating film
barrier.

[0109] As described above, 1n the example of FIG. 13, the
transparent electrode 45 and the nano S142 serving as a p-type
crystal silicon are 1n direct contact with each other, and when
a voltage 1s applied across the two electrodes of the transpar-
ent electrode 45 serving as an anode and the metal electrode
46 serving as a cathode to 1nject carriers, a current flows along
the following pathway: from the transparent electrode 45,
through the p-type crystal silicon (nano S142) and the silicon
substrate 40, to the metal electrode 46.

[0110] FIG. 14 1s a chart that shows a band structure and
carrier flow directions for the purpose of explaining the
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operation principle of the modified example shown 1n FIG.
13. The ohmic contact thus formed has an advantage of low-
ering and stabilizing the barrier as compared with the case
where the silicon oxide film 44 1s disposed as in the example
shown 1n FIG. 12. In other word, the barrier height may be
kept constant regardless of the thickness. As a result, the
operation voltage may be lowered by enhancing the hole
injection efficiency, namely, the power consumption of the
nano Si1 light-emitting element may be reduced.

[0111] Hereinafter, a method of producing a nano Si light-
emitting element according to the present exemplary embodi-
ment will be explained. FIGS. 15-1 and 15-2 are fragmentary
cross sectional views illustrating a method of producing a
nano S1 light-emitting element according to the exemplary
embodiment 2. The method 1s illustrated in the order of pro-
duction steps. In this method, prepared first 1s a silicon sub-
strate 40 of an n-type single crystal containing a high concen-
tration of phosphorus (P), on a pair of principal surfaces
having a (100) face. An Al and S1 alloy film 41 containing 1 wt
% S1 1s formed on one principal surface (on one surface) by
the sputtering method (FIG. 15-1A).

[0112] Next, by heating at about 450° C. 1n a hydrogen
atmosphere, a nano S1 42 having the same crystal face orien-
tation as the single crystal silicon substrate 40 1s formed
through solid phase epitaxial growth on the single crystal
s1licon substrate 40 (FI1G. 15-1B). Because the melting point
of the aluminum-silicon (Al—=S1) 1s about 570° C., atempera-
ture ol about 450° C. was selected as a predetermined tem-
perature not exceeding the melting point. The current study
made by the present mventors shows that about 350° C. 1s
desirable as the lower limit of the predetermined temperature
at which the solid phase epitaxial growth proceeds and that
about 550° C. 1s desirable as the upper limit of the predeter-
mined temperature. The extent of the growth may be con-
trolled by regulating the annealing temperature and time.

[0113] Thereafter, through etching with hot phosphoric

acid, unnecessary portions of the Al and Si1 alloy film 41 are
removed (FIG. 15-1C).

[0114] Next, through heat treatment 1n an oxidative atmo-
sphere containing water vapor, a thick silicon oxide film 43 1s
formed on the single crystal silicon substrate 40, and a thin
silicon oxide film 44 1s formed on the nano Si1 42 (FIG.
15-2D). In this step, a phenomenon of enhanced oxidation
rate of silicon contaiming high concentration of P 1s used.

[0115] Finally, onone principal surface (on the one surface)
having the nano S1 42 disposed thereon, a transparent elec-
trode (ITO) 45 composed of a compound based on mdium
oxide 1s formed, and on the opposite surface (on the other
surface), a metal electrode 46 of aluminum 1s formed (FIG.
15-2E).

[0116] A nano Si1 light-emitting element prepared through
the aforementioned series of steps was confirmed to work as
an EL element having the transparent electrode 45 serving as
an anode and the metal electrode 46 serving as a cathode and
to emit visible light at a high efficiency. The light emission
eificiency of the nano Si1 light-emitting element has been
remarkably enhanced due to the following reasons. Firstly,
the nano S1 42 has the same crystal face orientation as the
single crystal silicon substrate 40 and has a uniform crystal
face orientation of (100), so that the number of the non light-
emission recombination centers due to dangling bonds on the
surface of the nano S1 42 may be minimized.

[0117] In addition, the nano Si1 42 1s prepared from the
excessive S1ofthe Al and S1 alloy film 41 by epitaxial growth,




US 2010/0090230 Al

so that the nano S142 1s given as a p-type crystal that contains
Al atoms autodoped therein. In this way, a p-n junction having,
a nanometer-size contact face 1s formed between the p-type
crystal and the n-type single crystal silicon substrate 40. The
p-n junction surface works as a hole barrier, so that the light
emission efficiency of the nano S1light-emitting element may

be enhanced.

[0118] According to the production method shown 1in
FIGS. 15-1 and 15-2, the size of the nano S1 42 may be
changed freely by regulating the temperature and time of
annealing in the solid phase growth and the ratio of S1 con-
tained 1n the Al—S1 alloy. Namely, light-emitting elements
having a different emission wavelength from each other may
be easily produced in the similar production process. In this
way, a nano S1 light-emitting element having a desired wave-
length may be produced with a high yield 1n a cost-effective
mannet.

[0119] The completed form of the crystal silicon light-
emitting element of the production method shown 1n FIGS.
15-1 and 15-2 1s exemplified by the same one shown 1n FIG.
11, but may be modified in various manners. For example,
after the step of FI1G. 15-2D, the silicon oxide film 44 on the
upper face of the nano S142 may be removed by etching using,
the RIE (Reactive Ion Etching) process so as to lead to an
embodiment of the modified example shown 1n FIG. 13

[0120] As the transparent electrode 45, ITO (Indium Tin
Oxide) 1s exemplified, but any material may be used without
any particular limitation as long as the material keeps trans-
parency to visible light and possesses electrical conductivity.
As the metal electrode 46, aluminum 1s exemplified, but any
material may be used without any particular limitation as long
as the material 1s excellent 1n electrical conductivity and
makes an ohmic contact with the silicon substrate 40. Further,
as a dopant of the n-type single crystal silicon substrate 40,
phosphorus (P) 1s exemplified, but arsenicum (As), antimony
(Sb) or the like may be acceptable. From a point of view of
reducing the resistance loss when current 1s applied, for the
n-type single crystal silicon substrate 40, it 1s necessary to be
as thinner as possible and have lowest possible electric resis-
tivity. It 1s desirable to be 10 m&2cm or less for practical
pUrposes.

[0121] FIG. 16-1 and FIG. 16-2 are fragmentary cross sec-
tional views illustrating another method of producing a nano
S1 light-emitting element 1n the order of production steps
according to the exemplary embodiment 2. The n-type single
crystal silicon substrate 40 having a pair of principal surfaces
tformed by (100) face and including high level of As 1s pre-
pared first, and a silicon nitride film 350 1s formed on one

principal surface by the CVD (Chemical Vapor Deposition)
method (FIG. 16-1A).

[0122] Next, nano particles 51 including, for example,
magnetite (Fe,0O,) fine particles 51a having a diameter of 3
nm and protective organic groups 515 around the fine par-

ticles S1a are coated and dispersed on the silicon nitride film
50 (FIG. 16-1B).

[0123] By using the nano particles 51 as a mask, the silicon

nitride film 50 1s etched by the RIE process so as to form a
s1licon nitride film 50q to be patterned (FIG. 16-1C).

[0124] Thereafter, the nano particles 51 are removed by wet
process using an organic solvent, and heat treatment 1s per-
formed under the oxidizing atmosphere while a silicon nitride
f1lm 50q serves as a oxidization protection mask. Further, the
remaining silicon nitride film 50q 1s removed by soaking in
the heated phosphoric acid solution and a thick silicon oxi-
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dized film 43 1s formed and an aperture portion 52 having a
diameter of 4 nm or less 1s also formed (FIG. 16-1D).
[0125] Next, an Al and S1 alloy film 41 including 1.5 wt %
S11s formed by the sputtering method (FIG. 16-2E). Then, by
performing heat treatment at approximately 480° C. under the
hydrogen atmosphere, a nano S1 42 having the same crystal
face orientation as that of the silicon substrate 40 1s selectively
and solid-phase epitaxially grown on the aperture portion 52
of the silicon oxidized film 43 on the single crystal silicon
substrate 40 (FIG. 16-2F).

[0126] Thereafter, by performing etching processing with
heated phosphoric acid, unnecessary Al and S1alloy film 41 15
removed (FIG. 16-2G).

[0127] Finally, by forming the transparent electrode (ITO)
45 composed of a compound based on indium oxide on one
principal surface (on the one surface) having the nano S1 42,
and the metal electrode 46 of aluminum on the opposite
surface (on the other surface), a nano S1 light-emitting ele-
ment 1s obtained (FIG. 16-2H).

[0128] The nano Si light-emitting element obtained as
described above includes columnar nano S1 42 having a diam-
cter of about 2.5 nm, and 1s confirmed to emit green color light
having a peak wavelength of about 550 nm by applying a
voltage across the transparent electrode 45 serving as an
anode and the metal electrode 46 serving as a cathode. In the
present exemplary embodiment, since a size of the aperture
portion 52 of the silicon oxide film 43 1s controlled with high
precision by the size of the nano particle 51, uniformity of the
particle diameter size of the nano S1 42 that selectively grows
on the aperture portion 32 i1s remarkably improved. Further,
the diameter of the nano S1 42 may be controlled by control-
ling the diameter of the nano particle 51 and the oxidization
condition of the silicon oxidized film 43, so that three primary
colors of red, green, and blue may be separately formed 1n the
same procedure. Therefore, a highly etficient light-emitting,
clement having an excellent controllability 1n emission wave-
length may be provided 1n a cost-effective manner.

[0129] As the nano particles, magnetite (Fe;O,) 1s exem-
plified, but the other ferrite particles, or metal particles such
as Au, Pt, Pd, Co, and the like may be used. Any material may
be used without limitation as long as the material works as an
ctching mask for the silicon nitride film. Further, as the
method of dispersing the nano particles, the method of coat-
ing nano particles having protective organic groups 1s exem-
plified, but there maybe used, for example, a method of sput-
tering the metal particles directly. Furthermore, there may be
used a method of using a LB (Langmuir Blodgett) film or the
like, or a method of using phase separation of a block copo-
lymerized polymer or the like.

[0130] In this way, as mentioned above 1n detail, according
to the exemplary embodiment 2, a p-type conductive nano
s1ze crystal silicons having the same crystal face orientation
as the n-type conductive silicon substrate are provided on the
n-type conductive silicon substrate, so that a nano Si1 light-
emitting element having a high quality crystal with reduced
number ol non light-emission recombination centers may be
attained. As aresult, there may be provided, in a cost-etfiective
manner, a long-life and highly efficient nano S1 light-emaitting
clement.

Exemplary Embodiment 3

[0131] FIG. 17 1s a fragmentary cross sectional view that
illustrates a nano Si light-emitting element 1n accordance
with an exemplary embodiment of the atorementioned third
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crystal silicon element. FIG. 18 1s a perspective view that
illustrates the nano S1 light-emitting element shown in FIG.
17. In FI1G. 18, 1n order to help the understanding of a nano S1
light-emitting element configuration, a part of the transparent
clectrode 1s cut out.

[0132] As shown mn FIGS. 17 and 18, a nano S1 light-
emitting element serving as a crystal silicon element has a
p-type single crystal silicon substrate 60 formed by a single
crystal having a pair of surfaces (1n FIG. 17, described as
“single crystal S1 substrate™) and plural nano S1 columns 66
having the same crystal face orientation as the single crystal
s1licon substrate 60 on one surface (principal surface) side of
the single crystal silicon substrate 60.

[0133] The nano S1 column 66 1s indirect contact with
single crystal silicon substrate 60 to form a homo junction,
and 1s a cylindrical columnar protrusion quasi-perpendicular
to the principal surface of the single crystal silicon substrate
60. Further, on the principal surface of the single crystal
s1licon substrate 60, a thick silicon oxide film 67 1s disposed
on an area except the upper faces of the nano S1 columns 66,
and a transparent electrode (for example ITO) 69 1s disposed
so as to cover the thick silicon oxide film 67 and the upper
faces of the nano S1 columns 66. On the other principal
surface (on the other surface) of the single crystal silicon
substrate 60, a metal electrode 68 (for example, aluminum) 1s
formed 1n a manner that the metal electrode 68 has an ohmic
contact with the single crystal silicon substrate 60.

[0134] The nano S1 light-emitting element having the
alorementioned configuration operates as a visible light-
emitting element when a voltage 1s applied across the trans-
parent electrode 69 serving as a cathode and the metal elec-
trode 68 serving as an anode.

[0135] It should be noted that, the thickness of the thick
s1licon oxide film 67 1s generally about 5 nm to about 50 nm,
and 1s preferably about 10 nm to about 30 nm.

[0136] FIG. 19 1s a chart that shows a band structure and
carrier flow directions for explaining the operation principle
shown in FIGS. 17 and 18. As shown 1n FIG. 19, electrons that
are 1njected from the transparent electrode 69 through a
Schottky barrier to the nano S1 column 66 and holes that are
injected from the metal electrode 68 (refer to FI1G. 17) via the
single crystal silicon substrate 60 to the nano S1 column 66 are
trapped at recombination centers 1nside the nano S1 column
66, and emit light.

[0137] Thereason why silicon having a near-infrared band
gap emits visible light 1s due to the quantum confinement
elfect (band gap expansion) mnduced by reducing the crystal
s1ize (diameter of the column). Namely, the nano S1 light-
emitting element having the aforementioned configuration 1s
characterized in that various wavelength components may be
attained by regulating the diameter of the nano S1 columns 66
(Ds;).

[0138] According to the investigational results in the
present exemplary embodiment, 1t was confirmed that visible
light was obtained at a diameter @ ., of 4 nm or less, and that
red, green, and blue light may be selected by making the
diameter smaller. In addition, 1t was shown that the height
(h,) of the nano Si columns 66 controlled the light emission
eificiency and influenced the stability of emission wave-
length.

[0139] FIG. 23 15 a graph showing the relation between the
s1ize ol the nano Si and the light emission eificiency and
emission wavelength obtained by a nano Si1 light-emitting
clement. Here, the relation between the height h., and the
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light emission efficiency and emission wavelength at a con-
stant diameter @, of 4 nm or less 1s shown. As shown 1n FIG.
23, when the height h, 1s smaller than twice of the diameter
® .., the light emission efficiency decreases and the emission
wavelength shifts to the long wavelength (infrared) side, fur-
ther the variation with respect to the height h ., becomes large,
whereby stabilization 1s not attained.

[0140] On the other hand, when the height h, becomes
larger than about 50 times of the diameter @ ., the emission
wavelength 1s stabilized at a constant value, but the light
emission efficiency decreases. In the case where the height h
1s too small, suificient quantum confinement effect does not
emerge due to a too short distance between the bulk S1 (single
crystal silicon substrate 60) having a small band gap and the
nano S1 columns 66. To the contrary, in the case where the
height h.. 1s too large, the resistance of the carriers mjected
into the nano S1 columns 66 increases and the carrier transport
elliciency decreases, whereby the aforementioned disadvan-
tages are considered to be developed. Therefore, 1n order to
climinate useless infrared light and to attain a highly efficient

and stable visible light-emitting element, 1t 1s desirable that
the diameter of the nano S1 columns 66 be regulated to be 4
nm or less and that the height thereot be regulated to be 1n the
range of from 2 to 50 times the diameter and preferably from
2 to 25 times.

[0141] Next, the relationship between light emission eifi-
ciency and crystals on the upper face of the nano S1 columns
66 has been imnvestigated in detail. The results of investigation
show that the nano S1 columns 66 having a uniform crystal
face orientation according to the present exemplary embodi-
ment 1s provided remarkably enhanced light emission effi-
ciency as compared with the related arts where random crys-
tal axes are involved. Further, in relation to the plane direction
of the upper face of the nano S1 columns (the face directing
quasi-perpendicularly to the flow direction of carriers), the
light emission efficiency reached a maximum at a crystal
structure o1 (100) followed by (110) and (111). The relation 1s
in the reverse order with the dangling bond density, so that the
dangling bonds on the nano Si surface are considered to work
as recombination centers for non light-emission. Therefore, 1t
1s preferable that the upper face of the nano S1 columns 66 be
regulated to the plane direction of the (100) face.

[0142] FIG. 20 1s a fragmentary cross sectional view of a
modified example of the nano S1 light-emitting element
shown in FI1G. 17. In order to avoid explanation repetition, the
portions that differ from the example shown 1n FIG. 17 are
explained. In the modified example shown in FI1G. 20, the thin
s1licon oxide film 80 1s disposed on the upper face of the nano
S1 columns 66 so as to form the insulating film barrier
between the nano Si column 66 and the transparent electrode
69. Namely, in the example shown 1n FIG. 17, electrons are
injected from the transparent electrode 69 to the nano Si
column 66 by tunnel-injection through the Schottky barrier
(refer to FI1G. 19). On the other hand, in the modified example
shown 1n FIG. 20, electrons are injected from the transparent
clectrode 69 into the nano Si column 66 by tunnel-injection
through the insulating barrier (refer to the S10,, barrier in FIG.
19). In the modified example, since the upper face of the nano
S1 columns 66 1s covered with the stable and thin silicon
oxidized film 80, surface recombination of the electrons
injected from the transparent electrode 69 into the nano Si
column 66 that 1s independent of the visible light emission 1s
reduced and the light emission efficiency may be enhanced.
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[0143] It should be noted that the thickness of the thin
silicon oxidized film 80 1s generally from about 0.5 nm to
about 5 nm, and pretferably about 1 nm to about 3 nm.

[0144] FIG. 21 1s a fragmentary cross sectional view of
another modified example of the nano S1 light-emitting ele-
ment shown 1n FIG. 17. In order to avoid explanation repeti-
tion, the portions that differ from the example shown in FIG.
17 are explained.

[0145] Inthe modified example shown in FIG. 21, the nano

S1 columns 66 have in the height direction thereof a p-n
junction with a two-layered structure of a p-type conductive
layer and a n-type conductive layer. Either the p-type or
n-type layer positioned 1n the upper layer contacts directly a
transparent electrode 69 to form an ohmic contact.

[0146] More specifically, in the case where a p-type con-
ductive layer (p-layer) 1s used 1n the single crystal silicon
substrate 60, a p-n junction 91 1s formed by disposing a high
concentration n-type conductive layer (n+ layer) 90 in the
upper layer of the nano S1 columns 66. The p-type and n-type
may of course be interchanged.

[0147] FIG. 22 1s a chart that shows a band structure and
carrier flow directions for the purpose of explaining the
operation principle of another modified example shown 1n
FIG. 21. In the present exemplary embodiment, electrons
flowing from the transparent electrode 69 into the n+ layer 90
are 1jected into the lower p-layer through the p-n junction 91.
Carriers come to recombine at a still deeper position 1n the
nano Si columns 66, so that the surface recombination not
contributing to visible light emission 1n the region where the
transparent electrode 69 and the nano S1 columns 66 contact
cach other 1s reduced, whereby the light emission efficiency 1s

still further enhanced.

[0148] Next, a method of producing a nano S1 light-emit-
ting element according to the present exemplary embodiment
will be explained. FIG. 24 1s a fragmentary cross sectional
view 1llustrating a method of producing a nano S1 light-
emitting element according to the exemplary embodiment 3.
The method 1s 1llustrated 1n the order of production steps.

[0149] A p-type single crystal silicon substrate 60 having a
pair of surfaces configured by the (100) face 1s prepared first,
a silicon nitride film 61 1s formed on one surface (on the
principal surface) by the CVD (Chemical Vapor Deposition)
method, and an aluminum film 624 1s formed by the sputter-
ing method (FI1G. 24A).

[0150] Next, for example, through anodic oxidation in a 1
wt % aqueous sulfuric acid solution, the aluminum film 624 1s
converted to an aluminum oxide film 625, and nanometer-size
micropores 62 are formed on the surface thereof (FI1G. 24B).
For example, at an applied voltage of 10 V 1n the anodic
oxidation, the micropores 62 having a hexagonal symmetry
with a pitch of about 24 nm and a pore diameter of about 8 nm
were self-assembled. The pitch and diameter may be con-
trolled 1in various sizes by selecting the magnitude of the
applied voltage.

[0151] Next, after the thin film remaining at the bottom of
micropores 62 1s removed by wet-etching using phosphoric
acid or the RIE (Reactive Ion Etching) process, an iorganic
SOG (Spin On Glass) 1s spin-coated and baked to form an
inorganic film 64a composed of an 1norganic material. Here,
the micropores may be filled adequately and the surface of the
inorganic film 64aq may be flattened by selecting the viscosity

of the SOG as appropriate (FIG. 24C).
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[0152] Next, the surface of the inorganic film 64a 1s slightly
ctched (etch back) by the RIE process so as to obtain an
inorganic film 645 that 1s remaining only in the micropores 62

(FIG. 24D).

[0153] Further, for example, through wet etching using an
aqueous phosphoric acid solution 1n a low concentration, the

aluminum oxide film 626 1s selectively removed to form
aperture portion 63 (FIG. 24EF).

[0154] Subsequently, the upper layer (for example, 15 nm
deep) of a silicon nitride film 61 and the single crystal silicon
substrate 60 1s etched by the conventional RIE process using,
the 1norganic film 645 as a mask so as to form the nano Si

columns (cylindrical protrusions) 66 and depressions 65
(FIG. 24F).

[0155] Thereatter, for example, after the inorganic film 6456
1s selectively removed by wet etching using an aqueous
hydrofluoric acid solution, through heat treatment 1n an oxi-
dative atmosphere using the silicon nitride film 61 as a pro-
tective mask, a thick silicon oxide film 67 1s formed on the
bottom of the depressions 635 and the side faces of the nano S1
columns 66 (FIG. 24G). At this time, the thick silicon oxide
film 67 was controlled to a predetermined thickness so as to
regulate the diameter of the nano Si1 columns 66 at about 2.5
nm

[0156] Finally, after the silicon nitride film 61 1s selectively
removed by heat phosphoric acid, the transparent electrode
(ITO) 69 composed of a compound based on indium oxide 1s
formed on the principal surface side on which the nano Si
columns 66 are provided, and the metal electrode 68 of alu-
minum 1s formed on the other surface side so as to obtain a
nano Si1 light-emitting element as shown 1n FIG. 17.

[0157] Thenano Sicolumn 66 of the nano Si1light-emitting
clement obtained as described above has a diameter of about
2.5 nm and a height of about 50 nm. The emission of green
color light having a peak wavelength of about 550 nm 1s
confirmed by applying a voltage across the transparent elec-
trode 69 serving as a cathode and the metal electrode 68
serving as an anode.

[0158] The light emission efficiency of the nano Si light-
emitting element has been remarkably enhanced due to the
following reasons.

[0159] Firstly, the nano S1 columns 66 have the same crystal
face orientation as the single crystal silicon substrate 60 and
have a uniform crystal face orientation of (100), so that the
number of recombination that does not contribute to light
emission at the upper face (Schottky contact face 70) of the
nano S1 columns 66 1nto which electrons are mjected may be
minimized.

[0160] In addition, the nano S1 columns 66 may have crys-
tallinity almost free of defects because the nano S1 columns

66 arc cut out of the single crystal silicon substrate 60 that has
an extremely excellent crystallinity.

[0161] Further, the nano S1 columns 66 are processed using
as an etching mask the micropores 62 with a uniform diameter
obtained by anodic oxidation of aluminum, and the diameter
thereof 1s finely regulated by the oxidation step after the
anodic oxidation, so that a nano S1 light-emitting element
having an excellent uniformity 1n size may be formed.

[0162] As aresult, an extremely excellent controllability of
emission wavelength may be attained. According to an
experiment, the variation in size was suppressed within 20%
or less.
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[0163] Stll further, by changing the size of the nanopar-
ticles an element having a different emission wavelength may
be easily produced in the similar production process.

[0164] According to an experiment, blue color light was
emitted when the diameter of the nano S1 columns 66 1s about
2 nm, green color at about 2.5 nm, and red color at about 3.3
nm. A mixture thereof was confirmed to provide white color.

[0165] Inaddition, the thick silicon oxide film 67 enclosing
the nano Si1 columns 66 works to provide an electrical insu-
lating separation from the transparent electrode 69 and to
stabilize the mechanical strength of the nano S1 columns 66 as
well.

[0166] Therefore, according to the present exemplary
embodiment, a nano Si1 light-emitting element having a
desired wavelength may be provided with a high yield 1n a
cost-effective manner.

[0167] It should be noted that, as the transparent electrode
69, I'TO was exemplified, but any material may be used with-
out any particular limitation as long as the material keeps
transparency to visible light and possesses electrical conduc-
tivity. Further, as the metal electrode 68, aluminum was
exemplified, but any material may be used without any par-
ticular limitation as long as the material 1s excellent 1n elec-
trical conductivity and makes an ohmic contact with the sili-
con substrate.

[0168] Thecompleted form ofthe light-emitting element of
the production method shown 1n FIG. 24 was exemplified by
the same nano S1 light-emitting element as the one shown 1n
FIG. 17, but may be modified in various manners. For
example, 1 FIG. 24H, after the silicon nitride film 61 1s
selectively removed by hot phosphoric acid, a thin silicon
oxide film 80 (refer to FIG. 20) may be formed on the upper
face of the nano Si columns 66 by thermal oxidation. This
process may lead to an embodiment where the transparent
clectrode 69 and the nano S1 columns 66 contact each other
through a thin oxide film, that 1s, the exemplary embodiment
ol a modified example shown 1n FIG. 20.

[0169] Further, for example, 1n FIG. 24H, after the silicon

nitride film 61 1s selectively removed with hot phosphoric
acid, a high concentration n+ layer (n-type conductive layer)
(refer to FIG. 21) may be formed on the upper face of the nano
S1 columns 66 by 1on injection or plasma doping or the like.
This process may lead to an embodiment where the transpar-
ent electrode 69 and the nano S1 columns 66 contact each
other through a p-n junction, that 1s, the exemplary embodi-
ment of a modified example shown 1n FIG. 21.

[0170] In the foregoing exemplary embodiment, a p-type
conductive layer 1s used as the single crystal silicon substrate

60, but an n-type conductive layer may be used. In this case,
the n+ layer 90 1s replaced by a p+ layer and the relation
between the cathode and anode 1s also reversed.

[0171] FIG. 25 1s fragmentary cross sectional views 1llus-
trating another method of producing a nano Si1 light-emitting,
clement according to the exemplary embodiment 3. The
method 1s illustrated 1n the order of production steps.

[0172] As shown in FIG. 25, a p-type single crystal silicon
substrate 60 having a pair of surfaces composed of the (100)
face 1s prepared first, and a silicon nitride film 61 1s formed on
one surface (principal surface) by the CVD method. Further,
alter a polymer thin film 71 made of a block copolymer (for
example, a copolymer of polystyrene (PS) and polymethyl-
methacrylate (PMMA)) 1s spin-coated 1n a thickness of about
25 nm, the polymer thin film 71 1s baked at 200° C. for 5 hours
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to develop a phase separation structure containing a spherical
PMMA layer 7156 in a thin {ilm of a PS layer 71a.

[0173] For example, when a copolymer of PS and PMMA,
cach having about 40,000 and about 10,000 molecular
weilght, respectively, was used, a phase separation structure
with a hexagonal symmetry having a pitch of about 28 nm and
a diameter of about 12 nm for the spherical PMMA layer 715
was obtained. The pitch and sphere diameter may be regu-
lated 1n various sizes by controlling the molecular weight and
the component composition of the block copolymer (FIG.
25A).

[0174] Then, through the RIE process using oxygen gas,
which takes advantage of the etching rate difference between
PS and PMMA, nanometer-size micropores 72 having a hex-
agonal symmetry plane pattern are formed on the surface of
the polymer thin film 71. The formation 1s achieved because
the PMMA layer 715 has an etchung rate 3 to 5 times larger
than the PS layer 71a in oxygen gas plasma (FIG. 25B).
[0175] Next, an morganic SOG (Spin On Glass) 1s spin-
coated and baked to form an inorganic film 64a composed of
an morganic material. Here, the micropores may be filled
adequately and the surface of the morganic film 64a may be

flattened by selecting the viscosity of the SOG as appropriate
(FI1G. 25C).

[0176] Next, the surface of the mnorganic film 64a 1s slightly
etched (etch back) by the RIE process so as to obtain an
inorganic {ilm 645 that 1s remaining only 1n the micropores 72

(FIG. 25B) (FIG. 25D).

[0177] Subsequently, etching 1s conducted by using the
RIE process, and the PS layer 71a in the area that 1s not

covered with the morganic film 645 1s removed so as to form
the aperture portion 73 (FIG. 25E).

[0178] Next, the upper layer ({or example, 40 nm deep) of
a s1licon nitride film 61 and the single crystal silicon substrate
60 1s etched by the RIE process using the inorganic film 645
as a mask so as to form the nano S1 columns (cylindrical
protrusions) 66 and depressions 65 (FI1G. 25F).

[0179] Thereatfter, for example, after the mnorganic film 6456
1s removed by wet processing using an aqueous hydrofluoric
acid solution, through heat treatment 1n an oxidative atmo-
sphere using the silicon nitride film 61 as a protective mask, a
thick silicon oxide film 67 1s formed on the bottom of the
depressions 65 and the side faces of the nano S1 columns 66
(FI1G. 25G). At thus time, the thick silicon oxide film 67 1s
controlled to a predetermined thickness so as to regulate the
diameter of the nano S1 columns 66 at about 2 nm.

[0180] Finally, after the silicon nitride film 61 1s selectively
removed by heat phosphoric acid, the transparent electrode
(ITO) 69 composed of a compound based on indium oxide 1s
formed on the principal surface side on which the nano Si
columns 66 are provided, and the metal electrode 68 of alu-
minum 1s formed on the other surface side (FIG. 25H) so as to
obtain a nano Si1 light-emitting element as shown 1n FIG. 17.

[0181] Thenano Sicolumn 66 of the nano Si1light-emitting
clement obtained as described above has a diameter of about
2 nm and a height of about 40 nm. The emission of blue color
light having a peak wavelength of about 430 nm 1s confirmed
by applying a voltage across the transparent electrode 69
serving as a cathode and the metal electrode 68 serving as an
anode.

[0182] The light emission efficiency of the nano Si1 light-
emitting element has been remarkably enhanced due to the
tollowing reasons.
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[0183] Firstly, the nano Si columns 66 of the nano S1 light-
emitting element have the same crystal face orientation as the
single crystal silicon substrate 60 and have a uniform crystal
face orientation of (100), so that the number of recombination
that does not contribute to light emission at the upper face
(Schottky contact face 70) of the nano S1 columns 66 into
which electrons are 1njected may be minimized.

[0184] In addition, the nano S1 columns 66 may have crys-
tallinity almost free of defects because the nano S1 columns
66 arc cut out of the single crystal silicon substrate 60 that has
an extremely excellent crystallinity.

[0185] Further, the nano S1 columns 66 are processed using
as an etching mask the micropores 72 with a uniform diameter
obtained by a phase-separated structure of the block copoly-
mer, and the diameter thereof 1s finely regulated by the oxi-
dation step thereafter, so that a nano S1 light-emitting element
having an excellent umiformity 1n size may be formed. As a
result, an extremely excellent controllability of emission
wavelength may be attained. According to an experiment, the
variation 1n si1ze was suppressed within 15% or less.

[0186] Stll further, by changing the size of the mnorganic
f1lm 645, an element having a different emission wavelength
may be easily produced in the similar production process.
According to an experiment, blue color light was emitted
when the diameter of the nano S1 column 66 1s about 2 nm,
green color was emitted when the diameter of the nano Si
column 66 1s 2.5 nm, and red color was emitted when the
diameter of the nano S1 column 66 1s about 3.3 nm. A mixture
thereot was confirmed to provide white color.

[0187] Inaddition, the thick silicon oxide film 67 enclosing
the nano S1 columns 66 works to provide an electrical insu-
lating separation from the transparent electrode 69 and to
stabilize the mechanical strength of the nano S1 columns 66 as
well. Therefore, according to the present exemplary embodi-
ment, a nano S1 light-emitting element having a desired wave-
length may be provided with a high yield 1n a cost-effective
manner.

[0188] It should be noted that, as the transparent electrode
69, I'TO was exemplified, but any material maybe used with-
out any particular limitation as long as the material keeps
transparency to visible light and possesses electrical conduc-
tivity. Further, as the metal electrode 68, aluminum was
exemplified, but any material may be used without any par-
ticular limitation as long as the material 1s excellent 1n elec-
trical conductivity and makes an ohmic contact with the sili-
con substrate.

[0189] Thecompleted form ofthe light-emitting element of
the production method shown 1n FIG. 25 1s exemplified by the
same nano S1light-emitting element as the one shown in FIG.
17, but may be modified in various manners. For example, 1n
FIG. 25H, after the silicon nitride film 61 1s selectively
removed by hot phosphoric acid, a thin silicon oxide film 80
(refer to FIG. 20) may be formed on the upper face of the nano
S1 columns 66 by thermal oxidation. This process may lead to
an embodiment where the transparent electrode 69 and the
nano S1 columns 66 contact each other through a thin silicon
oxide film 80, that 1s, the exemplary embodiment of a modi-
fied example shown 1n FIG. 20.

[0190] Further, for example, 1n FIG. 24H, after the silicon
nitride film 61 1s selectively removed with hot phosphoric
acid, a high concentration n+ layer (n-type conductive layer)
(refer to FIG. 21) may be formed on the upper face of the nano
S1 columns 66 by 1on injection or plasma doping or the like.
This process may lead to an embodiment where the transpar-
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ent electrode 69 and the nano S1 columns 66 contact each
other through a p-n junction 91, that 1s, the exemplary
embodiment of a modified example shown 1n FIG. 21.
[0191] Further, 1n FIG. 25G, after the thick silicon oxide
f1lm 67 1s formed, an inorganic insulating layer 74 1s embed-
ded in the depressions 635 (FI1G. 25F) by SOG coating and etch
back, so that a structure shown i1n FIG. 26 may also be
attained. FIG. 26 1s a fragmentary cross sectional view of
another modified example of the nano S1 light-emitting ele-
ment shown 1 FIG. 17. The morganic insulating layer 74
embedded 1n the depressions 65 may reinforce the mechani-
cal strength of the nano S1 columns 66 and strengthen the
insulating separation between the transparent electrode 69
and the single crystal silicon substrate 60. In addition, the
structure 1s almost flat, so that the transparent electrode 69
may be formed easily, whereby an effect of improving the
production yield of the element may also be attained. Further,
use of the SOG embedding step may eliminate the step of
forming the aforementioned silicon nitride film 61.

[0192] There 1s no limitation on the inorganic SOG {for
forming the 1norganic film 645 as long as the inorganic SOG
serves as a mask for silicon etching, and a titanium (11) based
metalloxane polymer 1s desirable. As the resulting inorganic
film 645, titantum oxide (110, ) 1s desirable.

[0193] Further, there 1s no limitation on the S1 dry-etching
for forming the nano Si columns 66 as long as S1 columns
having a desired aspect ratio are formed, and low temperature
(below minus 100° C.) etching process using sultur hexatluo-
ride (SF ) gas 1s suitable considering the conformity with the
alforementioned material used as the etching mask.

[0194] In the foregoing exemplary embodiment, a p-type
conductive layer 1s used as the single crystal silicon substrate
60, but an n-type conductive layer may be used. In this case,
the n+ layer 90 1s replaced by a p+ layer and the relation
between the cathode and anode 1s also reversed.

[0195] Inthis way, as mentioned above 1n detail, according
to the exemplary embodiment 3, crystal silicons such as the
nano S1 have a uniform crystal face orientation and the nano
S1 15 directly cut out of the silicon substrate of single crystal
by using the nano particles so that a nano S1 light-emitting
clement having a high quality crystal (high efliciency) with
reduced number of non light-emission recombination centers
and an excellent controllability 1n particle diameter (control-
lability 1n emission wavelength) may be attained. As a result,
there may be provided in a cost-efiective manner, a long-life,
highly efficient nano Si1 light-emitting element emitting any
light freely from three principal colors to white color.
[0196] Note that, 1n the exemplary embodiments 1, 2, and 3,
light-emitting elements having the nano S1 are exemplified,
but the same configurations may also be applied to power
generating elements (photovoltaic elements). Namely, by
irradiating light to the nano S1 from the transparent electrode
side, carriers (electron and hole pairs) are generated, and
clectric power maybe outputted from the pair of the elec-
trodes. In particular, a power generating element highly sen-
sitive to visible to ultraviolet light may be attained.

[0197] In addition, a nano S1 element 1n accordance with
the exemplary embodiments 1, 2, and 3 maybe produced
casily in an arbitrary shape by adding several production steps
to conventional IC production processes. The nano Sielement
maybe hybridized into a single chip together with a control
circuit, an amplifier circuit, a memory circuit, a protection
circuit, and others. Namely, the nano Si element and various
circuits are mounted on the same board 1nto an IC chip, so that
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various functions and improvements may be combined or
cost reduction may be expected. The applications thereof are
not limited to the light-emitting elements and power generat-
ing elements, but maybe extended to laser applications, radar,
communication applications, memories, sensors, electron
emitters, displays, or the like.

BRIEF DESCRIPTION OF THE DRAWINGS

[0198] FIG. 1 1s a fragmentary cross sectional view of a
nano S1 light-emitting element 1n accordance with an exem-
plary embodiment of the first crystal silicon element.

[0199] FIG. 2 1s a perspective view of the nano S1 light-
emitting element shown 1n FIG. 1.

[0200] FIG. 3 1s a chart that shows a band structure and

carrier flow directions for explaining the operation principle
shown 1n FIGS. 1 and 2.

[0201] FIG. 4 1s a fragmentary cross sectional view of a

modified example of the nano Si light-emitting element
shown 1n FIG. 1.

[0202] FIG. 5 1s a fragmentary cross sectional view of

another modified example of the nano S1 light-emitting ele-
ment shown in FIG. 1.

[0203] FIG. 6 1s a chart that shows a band structure and
carrier flow directions for the purpose of explaining the
operation principle of the modified example shown 1n FI1G. 5.

[0204] FIG. 7 1s a graph showing the relationship between
the size of the nano Si1 and the peak value of emission wave-
length obtained for a nano Si1 light-emitting element.

[0205] FIG. 8 shows still another modified example 1n the

exemplary embodiment 1, showing a fragmentary cross sec-
tional view of a white color nano Si1 light-emitting element.

[0206] FIG. 9-1 and FIG. 9-2 are fragmentary cross sec-
tional views 1llustrating a method of producing a nano Si
light-emitting element according to the exemplary embodi-
ment 1.

[0207] FIG. 10-1 and FIG. 10-2 are fragmentary cross sec-
tional views illustrating another method of producing a nano

S1 light-emitting element according to the exemplary
embodiment 1.

[0208] FIG. 11 is a fragmentary cross sectional view of a
nano S1 light-emitting element 1n accordance with an exem-
plary embodiment of the atorementioned second crystal sili-
con element.

[0209] FIG. 12 1s a chart that shows a band structure and
carrier flow directions for explaining the operation principle

shown 1n FIG. 11.

[0210] FIG. 13 1s a fragmentary cross sectional view of a
modified example of the nano Si light-emitting element

shown 1n FIG. 11.

[0211] FIG. 14 1s a chart that shows a band structure and
carrier flow directions for the purpose of explaining the

operation principle of the modified example shown 1n FIG.
13.

[0212] FIG. 15-1 and FIG. 15-2 are fragmentary cross sec-

tional views illustrating a method of producing a nano Si
light-emitting element according to the exemplary embodi-
ment 2.

[0213] FIG. 16-1 and FIG. 16-2 are fragmentary cross sec-

tional views illustrating another method of producing a nano
S1 light-emitting element 1n the order of production steps
according to the exemplary embodiment 2.
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[0214] FIG. 17 1s a fragmentary cross sectional view that
illustrates a nano Si1 light-emitting element 1n accordance
with an exemplary embodiment of the third crystal silicon
clement.

[0215] FIG. 18 1saperspective view thatillustrates the nano
S1 light-emitting element shown in FIG. 17.

[0216] FIG. 19 1s a chart that shows a band structure and
carrier flow directions for explaining the operation principle
shown i FIGS. 17 and 18.

[0217] FIG. 20 1s a fragmentary cross sectional view of a
modified example of the nano S1 light-emitting element
shown 1n FIG. 17.

[0218] FIG. 21 1s a fragmentary cross sectional view of
another modified example of the nano S1 light-emitting ele-
ment shown in FIG. 17.

[0219] FIG. 22 1s a chart that shows a band structure and
carrier flow directions for the purpose of explaining the
operation principle of another modified example shown 1n
FIG. 21.

[0220] FIG. 23 15 a graph showing the relation between the
s1ize of the nano S1 and the light emission efliciency and
emission wavelength obtained by a nano Si1 light-emitting
clement.

[0221] FIG. 24 1s a fragmentary cross sectional view 1llus-
trating a method of producing a nano Si1 light-emitting ele-
ment according to the exemplary embodiment 3.

[0222] FIG. 25 15 fragmentary cross sectional views 1llus-
trating another method of producing a nano Si light-emitting
clement according to the exemplary embodiment 3.

[0223] FIG. 26 1s a fragmentary cross sectional view of
another modified example of the nano S1 light-emitting ele-
ment shown 1n FIG. 17.

DESCRIPTION OF THE NUMERALS

[0224] 10...silicon substrate, 11, 14, 31 .. . silicon nitride
film, 12, 32 . . . nano particle, 15,33 . . . nano S1, 16 . . . thin
silicon oxide film, 17, 34, 35 . . . silicon oxide film, 18, 37 ..
.metal electrode, 19, 36 . . . transparent electrode, 20 . . . S1-S1
homo-contact, 21 . . . schottky junction, 30 . . . SOI substrate,
40 ... silicon substrate, 41 ... Al and S1alloy film, 42 . . . nano
S1 (p-type crystal silicon), 43 . . . silicon oxide film, 44 . . .
silicon oxide film, 45 . . . transparent electrode (for example,
ITO), 46 . . . metal electrode (for example, aluminum), 50 . .
.siliconnitride film, 51 . . . nano particle, 60 . . . single crystal
silicon substrate, 61 . .. silicon nitride film, 62« . . . aluminum
film, 62, 72 . . . micropore, 63, 73 . . . aperture portion, 64aq,
645 . . . morganic film, 65 . . . depression, 66 . . . nano Si1
column, 67 ... thick silicon oxide film, 68 . . . metal electrode,
69 . . . transparent film, 70 . . . schottky contact face, 74 . . .
inorganic msulating layer, 80 . . . thin silicon oxide film, 90 .
.. n+ layer (n-type conductive layer), 91 . . . p-n junction

1. A crystal silicon element comprising;:

a silicon substrate; and

a nanometer-size crystal silicon that 1s disposed on one
surface of the silicon substrate and has the same crystal
face orientation as the silicon substrate.

2. The crystal silicon element according to claim 1, turther

comprising:

a metal electrode; and

a transparent electrode that forms a pair of electrodes
together with the metal electrode, wherein

the pair of electrodes sandwiches the crystal silicon.

3. The crystal silicon element according to claim 2,
wherein
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the metal electrode 1s disposed on the other surface oppo-
site to the one surface of the silicon substrate and has an
ohmic contact with the silicon substrate, and

the transparent electrode 1s disposed on the crystal silicon.

4. The crystal silicon element according to claim 3,
wherein the transparent electrode contacts the crystal silicon
through an insulating film that carriers are tunnel-injected
thereinto.

5. The crystal silicon element according to claim 3,
wherein the transparent electrode directly contacts the crystal
s1licon so as to form a Schottky junction.

6. The crystal silicon element according to claim 1,
wherein the crystal silicon has a crystal structure with a crys-
tal face quasi-perpendicularly intersecting the flow line of
carriers injected, the crystal face having at least any one of the
orientations (100), (110), and (111).

7. The crystal silicon element according to claim 1,
wherein

the crystal silicon 1s disposed separately from the silicon
substrate, and

the silicon substrate and the crystal silicon contact each
other through an isulating film that are easily tunnel-
injected by carriers.

8. The crystal silicon element according to claim 1,
wherein the silicon substrate and the crystal silicon contact
cach other at a contact face having a si1ze smaller than the size
of the crystal silicon so as to form a homo-junction.

9. A crystal silicon element comprising;:

a silicon substrate that has one surface and the other surface

opposite to the one surface;

a nanometer-size crystal silicon that 1s disposed on the one
surface of the silicon substrate and has the same crystal
face orientation as the silicon substrate;

a transparent electrode that 1s formed on the one surface of
the silicon substrate, the silicon substrate having the
crystal silicon disposed on the one surface; and

a metal electrode that 1s formed on the other surface of the
s1licon substrate.

10. The crystal silicon element according to claim 9,
wherein the crystal silicon has a quasi-columnar shape whose
diameter 1s 4 nm or less reduced to a spherical body.

11. The crystal silicon element according to claim 9,
wherein the crystal silicon has a variation in the diameter of
20% or less and emits any one of red, green and blue mono-
chromatic light.

12. The crystal silicon element according to claim 9,
wherein the crystal silicon 1s shaped 1n mixed sizes so as to
emit red, green and blue light.

13. A method for fabricating a crystal silicon element using
s1licon microcrystals, the method comprising:

a separating-and-disposing process that separates a plural-
ity of crystal silicons from a silicon substrate and dis-
poses the plurality of crystal silicons on one surface of
the silicon substrate, the plurality of crystal silicons
being nanometer-sized and having the same crystal face
orientation as the silicon substrate;

a transparent electrode disposing process that disposes a
transparent electrode on the one surface of the silicon
substrate; and

a metal electrode disposing process that disposes a metal
clectrode on the other surface opposite to the one surface
of the silicon substrate.

14. The method according to claim 13, wherein the sepa-

rating-and-disposing process comprises:
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a coating process that coats nano particles dispersed on the
one surface of the silicon substrate of a single crystal;

a etching process that etches the one surface of the silicon
substrate using the nano particles as a mask so as to form
columnar protrusions; and

an oxidizing process that oxidizes the one surface of the
s1licon substrate except the columnar protrusions so as
to 1solate the columnar protrusions from the silicon sub-
strate.

15. A method for fabricating a crystal silicon element using,

s1licon microcrystals, the method comprising:

a disposing process that dispersedly disposes nano par-
ticles on one surface of a silicon substrate of a single
crystal;

an etching process that etches the one surface of the silicon
substrate using the nano particles as a mask; and

a removing process that removes the nano particles from
the one surface of the silicon substrate.

16. The method according to claim 15, further comprising;:

an oxidizing process that oxidizes the one surface of the
s1licon substrate except columnar protrusions obtained
by the etching process so as to 1solate the columnar
protrusions from the silicon substrate.
17. The method according to claim 15, further comprising:
a transparent electrode disposing process that disposes a
transparent electrode on the one surface of the silicon
substrate; and
a metal electrode disposing process that disposes a metal
clectrode on the other surface opposite to the one surface
of the silicon substrate.
18. A crystal silicon element comprising:
a n-type single crystal silicon substrate that has one surface
and the other surface opposite to the one surface; and
a nanometer-size p-type crystal silicon that 1s disposed on
the one surface of the silicon substrate and has the same
crystal face orientation as the silicon substrate.
19. The crystal silicon element according to claim 18,
turther comprising:
a metal electrode; and
a transparent electrode that forms a pair of electrodes
together with the metal electrode, wherein
the pair of electrodes sandwiches the p-type crystal silicon
and the silicon substrate, and
the transparent electrode contacts directly the p-type crys-
tal s1licon so as to form an ohmaic contact.
20. The crystal silicon element according to claim 18,
wherein the resistivity of the silicon substrate 1s 10 m&2cm or
less.

21. The crystal silicon element according to claim 18,
wherein the p-type crystal silicon 1s doped with aluminum.

22. A crystal silicon element comprising:

a n-type single crystal silicon substrate that has one surface
and the other surface opposite to the one surface;

a nanometer-size p-type crystal silicon that 1s disposed on
the one surface of the silicon substrate and has the same
crystal face orientation as the silicon substrate;

a transparent electrode that 1s formed on the one surface of
the silicon substrate, the silicon substrate having the
p-type crystal silicon disposed on the one surface; and

a metal electrode that 1s formed on the other surtace of the
silicon substrate.

23. The crystal silicon element according to claim 22,
wherein
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the p-type crystal silicon and the transparent electrode
contact each other through an insulating film, and

a current flow passage 1s from the transparent electrode,
through the insulating film, the p-type crystal silicon and
the silicon substrate, to the metal electrode, the current
flow passage being formed when a voltage 1s applied for
carrier injection across two electrodes of the transparent
clectrode serving as an anode and the metal electrode
serving as a cathode.

24. The crystal silicon element according to claim 22,

wherein

the p-type crystal silicon and the transparent electrode
directly contact each other, and

a current tlow passage 1s from the transparent electrode,
through the p-type crystal silicon and the silicon sub-
strate, to the metal electrode, the current flow passage
being formed when a voltage 1s applied for carrier injec-
tion across two electrodes of the transparent electrode
serving as an anode and the metal electrode serving as a
cathode.

25. A method for fabricating a crystal silicon element using

s1licon microcrystals, the method comprising:

a p-type crystal silicon disposing process that disposes a
plurality of p-type crystal silicons that grows in a solid
phase on one surface of the n-type single crystal silicon
substrate, the plurality of p-type crystal silicons being
nanometer-sized and having the same crystal face ori-
entation as the silicon substrate;

a transparent electrode disposing process that disposes a
transparent electrode on the one surface where the
p-type crystal silicon 1s disposed; and

a metal electrode disposing process that disposes a metal
clectrode on the other surface of the silicon substrate.

26. The method according to claim 25, wherein the p-type
crystal silicon disposing process comprises:

a forming process that forms a thin film of aluminum-
silicon (Al—S1) on the silicon substrate;

a epitaxially-growing process that epitaxially grows in
solid phase the p-type crystal silicon on the silicon sub-
strate through heat treatment at a temperature not
exceeding the melting point of the aluminum-silicon
(Al—S1); and

a removing process that removes the thin film of alumi-
num-silicon (Al—S1).

277. A method for fabricating a crystal silicon element using,

s1licon microcrystals, the method comprising:

a forming process that forms a thin film of aluminum-
s1licon (Al—S1) on one surface of a silicon substrate of
a single crystal;

a epitaxially-growing process that epitaxially grows in
solid phase a p-type crystal silicon on the silicon sub-
strate through heat treatment 1n a temperature range not
exceeding the melting point of the aluminum-silicon
(Al—S1), but allowing solid phase epitaxial growth to
proceed; and

a removing process that removes the thin film of alumi-
num-silicon (Al—S1).
28. The method according to claim 27, further comprising:

a transparent electrode disposing process that disposes a
transparent electrode on the one surface of the silicon
substrate; and

a metal electrode disposing process that disposes a metal
clectrode on the other surface of the silicon substrate.
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29. A crystal silicon element comprising:

a single crystal silicon substrate that has a pair of surfaces;
and

a plurality of quasi-columnar crystal silicons that are dis-
posed on a principal surface of the single crystal silicon
substrate, have the same crystal face orientation as the
principal surface, and stand quasi-perpendicularly to the
single crystal silicon substrate surface.

30. The crystal silicon element according to claim 29,

turther comprising:

a metal electrode:; and

a transparent electrode that forms a pair of electrodes
together with the metal electrode, wherein

the pair of electrodes sandwiches the quasi-columnar crys-
tal silicons.

31. The crystal silicon element according to claim 30,
wherein

the metal electrode 1s disposed on the other surface of the

single crystal silicon substrate and has an chmic contact
with the single crystal silicon substrate, and

the transparent electrode 1s disposed on the upper surface

of the quasi-columnar crystal silicons so as to contact the
upper surface of the quasi-columnar crystal silicons.

32. The crystal silicon element according to claim 31,
wherein the transparent electrode directly contacts the upper
surface of the quasi-columnar crystal silicons so as to form a
Schottky junction.

33. The crystal silicon element according to claim 31,
wherein the transparent electrode contacts the upper face of
the quasi-columnar crystal silicons through an msulating film
casily tunnel-injected by carriers.

34. The crystal silicon element according to claim 31,
wherein

the quasi-columnar crystal silicons have in the height
direction a p-n junction with a p-type and n-type two-
layered structure, and

the transparent electrode contacts directly any one of the
p-type and the n-type layers positioned 1in the upper layer
of the quasi-columnar crystal silicons so as to form an
ohmic contact.

35. The crystal silicon element according to any one of
claims 32 to 34, wherein

the bottom face of the quasi-columnar crystal silicons con-
tacts directly the single crystal silicon substrate to form
a homo-junction, and

at least the side face of the quasi-columnar crystal silicons
1s covered with an insulating film so as to be electrically
insulated from the transparent electrode except the
upper face of the quasi-columnar crystal silicons.

36. The crystal silicon element according to claim 29,
wherein the upper face of the quasi-columnar crystal silicons

has a crystal structure with a crystal face having at least any
one of the onientations (100), (110), and (111).

37. A crystal silicon element comprising:
a single crystal silicon substrate that has a pair of surfaces;

a plurality of quasi-columnar crystal silicons that are dis-
posed on a principal surface of the single crystal silicon
substrate, have the same crystal face orientation as the
principal surface, and stand quasi-perpendicularly to the
single crystal silicon substrate surface;

a transparent electrode that 1s formed on the principal sur-
face of the single crystal silicon substrate and has a
contact with the upper face of the quasi-columnar crystal
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silicons, the single crystal silicon substrate having the
quasi-columnar crystal silicons disposed on the princi-
pal surface; and

a metal electrode that 1s formed on the other surface oppo-
site to the principal surface of the single crystal silicon
substrate.

38. The crystal silicon element according to claim 37,
wherein the quasi-columnar crystal silicons have a diameter
of 4 nm or less and a column height 2 to 50 times of the
diameter.

39. The crystal silicon element according to claim 37,
wherein the quasi-columnar crystal silicons are controlled in
s1ze so as to emit visible monochromatic light or white light.

40. A method for fabricating a crystal silicon element using,
s1licon microcrystals, the method comprising:

a quasi-columnar crystal silicons disposing process that
disposes a plurality of quasi-columnar nanometer-size
crystal silicons having the same crystal face orientation
as a silicon substrate on a principal surface of the silicon
substrate, the plurality of the quasi-columnar crystal
silicons standing quasi-perpendicularly to the principal
surface;

a transparent electrode disposing process that disposes a
transparent electrode on the principal surface of the sili-
con substrate, the transparent electrode contacting the
upper face of the quasi-columnar crystal silicons; and

a metal electrode disposing process that disposes a metal
clectrode on the other surface opposite to the principal
surtace of the silicon substrate.

41. The method according to claim 40, wherein the quasi-

columnar crystal silicons disposing process comprises:

a thin film disposing process that disposes a thin film of
aluminum on the principal surface of the silicon sub-
strate;
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a converting process that converts the thin film of alumi-
num into porous alumina having micropores with a uni-
form size through anodic oxidation;

a embedding process that embeds an inorganic material 1n
the micropores of the porous alumina;

a removing process that selectively removes the porous
alumina by etching; and

a quasi-columnar protrusions disposing process that dis-
poses quasi-columnar protrusions by etching the princi-
pal surface of the silicon substrate using the inorganic
material as a mask.

42. The method according to claim 40, wherein the quasi-

columnar crystal silicons disposing process comprises:

a organic {1lm disposing process that disposes an organic
f1lm of a block copolymer on the principal surface of the
silicon substrate;

a heating process that heats the organic film to achieve
phase separation;

a etching process that selectively etches the organic film to
form micropores 1n a uniform size;

a embedding process that embeds an mnorganic material 1n
the micropores of the organic film; and

a etching process that etches the organic film and the prin-
cipal surface of the silicon substrate using the inorganic
material as a mask to form quasi-columnar protrusions.

43. The method according to claim 41 or claim 42, further

comprising a oxidizing process that oxidizes the principal
surface of the silicon substrate except the upper face of the
quasi-columnar protrusions to control the diameter of the
quasi-columnar protrusions and to dielectrically i1solate the
silicon substrate and the side face of the quasi-columnar
crystal silicons from the transparent electrode.
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